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FOREWORD 

I n t h e  sumner Of 1976 two magni f i cent' l y 1 n s t  rumented robot  spacecraf t  
s e t t l e d  s o f t l y  on t h e  surface o f  our s i s t e r  p lanet  Mars, b r ing ing  home f o r  a l l  
mankind an image of another world on t h e  scale o f  our own backyard. The t w i n  
V i  k ing landers and t h e i r  o r b i t e r  partners wlere fabulously successful . They 
las ted  for  years as i n t e r p l a n e t a r y  invest igators ,  mapping t h e  p lanet  t o  c rea te  
stunning images and charac ter iz ing  t h e  surface a t  two d i s t i n c t  places. 

V ik ing was t h e  cu lminat ion of almost two decades o f  engineering and 
s c i e n t i f i c  work t o  l e a r n  about our red neighbor. Mars had been inves t iga ted  
f i r s t  i n  t h e  e a r l y  60s b y  M a r i n e r  f l y b y s .  Some y e a r s  l a t e r ,  i n  1971 ,  a 
Mariner o r b i t e r  g r e a t l y  increased our understanding o f  Mars by showing us 
great volcanoes and canyons whose scales were unknown on t h e  p lanet  Earth. 
The Mariner o r b i t e r  paved t h e  way f o r  the  morning o f  Ju ly  20, 1976, when, 
a f t e r  weeks o f  intense s i t e  se lec t ion  and c e r t i f i c a t i o n  a c t i v i t y ,  V ik ing  1 
landed s a f e l y  a t  Chryse P l a n i t i a ,  "The Plain!; o f  Gold," on Mars. 

Ten years  have passed s ince the  Vik inq landings and no new probes from 
the p lanet  Earth have been launched t o  Mars, To those who dedicated years o f  
t h e i r  l i v e s  t o  the  success o f  Viking, i t  wlould have been heresy t o  suggest 
t h a t  V ik ing  was t h e  end o f  an era. But i t  was. Now, a f t e r  a s i g n i f i c a n t  
hiatus,  Mars once again looms as a major t a r g e t  f o r  exp lo ra t ion  t h a t  w i l l  
f i n a l l y  b u i l d  upon t h e  legacy o f  the  Mariners and Vikings. The Soviet  Union 
has defined a ser ies  o f  p ro jec ts ,  beginning wi th  t h e  ambit ious Phobos mission 
t o  be launched i n  1988, t h a t  w i l l  unvei l  more o f  t h e  s c i e n t i f i c  secrets o f  
Mars. And an American spacecraft, Mars Observer, w i l l  r e t u r n  t o  Mars i n  t h e  
e a r l y  1990s t o  ob ta in  global  s c i e n t i f i c  data. 

For years, s c i e n t i s t s  throughout the  wor ld have i n s i s t e d  t h a t  t h e  next 
r e a l l y  important s c i e n t i f i c  step forward i n  our understanding o f  Mars w i l l  
come when we r e t u r n  a sample o f  t h e  s u r f a c e  home f o r  a n a l y s i s  i n  E a r t h  
labora tor ies .  That mission, although complex and expensive, i s  now w i t h i n  t h e  
technologica l  c a p a b i l i t y  o f  a t  l e a s t  two space powers on Earth.  The p r o j e c t  
could be done by e i t h e r  o f  them alone o r  by t h e  two o f  them together as an 
exampl e o f  i nterna t  i onal cooperation . 

So t h e  t i m e  seems t o  have come again f o r  Mars. It appears indeed l i k e l y  
t h a t  a sample r e t u r n  miss ion t o  the  Red Planet w i l l  be launched w i t h i n  t h e  
next 15 years. This repor t  presents the  r e s u l t s  o f  a p re l im inary  study t h a t  
was d i r e c t e d  p r i m a r i l y  a t  one design issue: Does there  e x i s t  a reasonable 
technica l  p lan i n  which two roughly equal par tners p a r t i c i p a t e  i n  a c o n j o i n t  
mission t o  r e t u r n  a s c i e n t i f i c a l l y  i n t e r e s t i n g  sample from Mars and do NOT 
engage i n  s i g n i f i c a n t  technology t r a n s f e r ?  

A separate ly  launched mission invo lv- ing a mart ian rover and a sample 
r e t u r n  veh ic le  might be such a pro ject .  The rover  would roam across var ied 
t e r r a i n ,  t a k i n g  and marking and s t o r i n g  samples, before b r i n g i n g  i t s  cache o f  
s c i e n t i f i c  jewels t o  an ascent veh ic le  t h a t  landed separately on t h e  surface 
o f  Mars. The two missions would be ess lent ia l ly  d i s j o i n t ,  except f o r  t h e  
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handshake exchange o f  about f i v e  kilograms o f  mar t ian surface mater ia l  and t h e  
sharing o f  t h i s  same mate r ia l  a f t e r  t h e  arduous t r i p  back t o  Earth. It i s  
t h i s  separate mission (emphasizing t h e  rover  p o r t i o n  because o f  t h e  recent 
documented s tud ies on sample r e t u r n  missions) t h a t  i s  studied i n  t h i s  repor t .  

There are th ree  poss ib le  scenarios f o r  American involvement i n  a Mars 
Sample Return mission and i t  i s  NASA's i n t e n t  t o  be prepared f o r  any of them. 
D u r i n g  1987 and 1988 s t u d i e s  w i l l  be conducted o f  t e c h n o l o g i c a l  i s s u e s  
associated w i t h  our doing EITHER HALF of t h e  miss ion suggested i n  t h i s  repor t ,  
as wel l  as a fu l l -up,  u n i l a t e r a l  sample r e t u r n  mission. The goal o f  t h e  
coming studies, which are na tura l  follow-ons t o  t h e  e f fo r t  documented i n  t h i s  
repor t  and i n  the  previous s tud ies  o f  sample returns,  i s  t o  de f i ne  t h e  tech- 
no log ica l  data base from which we may proceed i n t o  more de ta i l ed  spacecraft,  
mission design, and technology studies. 

F i n a l l y ,  a f t e r  a decade, momentum i s  b u i l d i n g  f o r  a r e t u r n  t o  Mars. 
There i s  an almost palpable excitement now i n  t h e  discussions o f  f u t u r e  Mars 
missions. There i s  a lso  an understanding t h a t  we, as a species, seem f i n a l l y  
t o  be ready t o  expand upon t h e  outstanding achievements o f  a l l  those scien- 
t i f i c  pioneers who began t h e  exp lo ra t ion  o f  t h e  planets. 

Gentry Lee U 
Chief, Advanced Programs Branch 
Solar System Explorat ion D i v i s i o n  
NASA Headquarters 

v i  

I 
I 
I 
I 
1 
I 
1 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 
1 
I 



ORIGINAL PAGE 1s 
OF POOR QUALIW 

EXECUTIVE S U m E  

The Solar System Exp lora t ion  Committee (SSEC) of t h e  NASA Advisory Coun- 

c i l  has s t rong ly  recommended t h a t  a Mars Sample Return miss ion be undertaken 
before t h e  year 2000. This mission, which inc ludes a surface rover, w i l l  pro- 
v ide  a wealth of s c i e n t i f i c  in format ion about Mars and w i l l  increase our un- 

derstanding of t h e  o r i g i n  and evo lu t i on  o f  a1 1 t e r r e s t r i a l  planets, i nc lud ing  
Earth. It w i l l  a1 so present major technologica l  challenges and s t imu la te  
advances i n  many c r i t i c a l  areas o f  spacecraft design and operation. 

Comprehensive s tud ies o f  a Mars Sample Return mission have been ongoing 
since 1984. The i n i t i a l  focus of these s tud ies  was an in tegra ted  miss ion 
concept w i t h  t h e  surface rover  and sample r e t u r n  veh ic le  elements de l i ve red  t o  

Mars on a s i n g l e  launch and landed together. This approach, t o  be c a r r i e d  out 
as a u n i l a t e r a l  U.S. leadership i n i t i a t i v e ,  i s  s t i l l  a high p r i o r i t y  goal i n  
an Augmented Program o f  e x p l o r a t i o n ,  as t h e  SSEC recommendation c l e a r l y  

s ta tes  . 
With t h i s  background o f  a well-understood miss ion concept, NASA decided 

t o  focus i t s  1986 study e f f o r t  on a p o t e n t i a l  oppor tun i ty  not  p rev ious ly  
examined; namely, a Mars Rover/Sample Re tu rn  ( M R S R )  m i s s i o n  which would 

invo lve  a s i g n i f i c a n t  aspect o f  i n te rna t i ona l  cooperation. As envisioned, 

respons ib i l  i t y  f o r  t he  var ious mission operations and hardware elements would 
be d i v ided  i n  a l o g i c a l  manner w i t h  c l e a r l y  def ined and acceptable in te r faces .  

The U.S. and i t s  i n t e r n a t i o n a l  par tner  would c a r r y  ou t  separate ly  launched but 

coordinated missions w i t h  t h e  ove ra l l  goal o f  accanplishing i n  s i t u  science 
and r e t u r n i n g  several ki lograms o f  surfalce samples from Mars. Important 
cons iderat ions f o r  any proposed implementation o f  such a p lan  are minimum 
techno1 ogy t r a n s f e r ,  maximum sharing o f  x i e n t i f i c  resu l t s ,  and independent 
c r e d i b i l i t y  o f  each miss ion ro le .  

-- 

Under t h e  guidance and overs ight  o f  a Mars Exp lora t ion  Strategy Advisory 
Group organized by NASA, a study team was formed i n  t h e  f a l l  o f  1986 t o  devel- 
op a p re l im ina ry  d e f i n i t i o n  o f  a f l  ight-separable, cooperat ive mission. The 
study ob jec t i ve  was t o  examine a t  l e a s t  oine p laus ib le  miss ion concept i n  suf- 
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f i c i e n t  depth  t o  i d e n t i f y  and assess key t e c h n i c a l  i ssues  and de te rm ine  

performance f e a s i b i l i t y .  The selected concept assumed t h a t  t he  U.S. would 
undertake the  rover mission w i t h  i t s  Sample c o l l e c t i o n  operat ions and our 
i n te rna t i ona l  par tner  would r e t u r n  t h e  samples t o  Earth. Although t h e  inverse  
of these ro les  i s  a lso possible, t h i s  study repo r t  focuses on t h e  rover  func- 

t i o n s  o f  MRSR because rover operat ions have not been s tud ied i n  as much d e t a i l  

as t h e  sample re tu rn  func t ions  of t h e  mission. 

HISSION DEFIWITIOW 

The o v e r a l l  mission scenar io i s  i l l u s t r a t e d  i n  F igure A. Both t h e  rover  
and sample r e t u r n  lander systems are launched dur ing  the  same oppor tun i ty  
window t o  a r r i v e  a t  Mars w i t h i n  a month o f  each other. Op t im is t i ca l l y ,  t h i s  

f i r s t  launch sequence could occur as e a r l y  as 1996, w i t h  a second launch i n  
1998, t o  complete a two-s i te  sample re tu rn  object ive.  A Shutt le/IUS veh ic le  
i s  capab le  o f  l a u n c h i n g  t h e  r o v e r  m iss ion ,  wh ich  has an i n j e c t e d  mass 

requirement o f  about 3,000 kilograms, if aerocapture i s  used f o r  Mars o r b i t  

i nse r t i on ;  a more capable launcher l i k e  the  T i t a n  IVKen tau r  would be needed 
if al l -p ropu ls i ve  capture i n t o  Mars o r b i t  i s  used. Tota l  i n j e c t e d  payload f o r  

t he  sample r e t u r n  mission i s  about th ree  t imes more massive than the  rover  

mission payload s ince t h i s  launch provides both t h e  Mars ascent veh ic le  and 
the  Ear th  r e t u r n  vehicle. Th is  requirement may exceed the  near-term, s i n g l e  
launch c a p a b i l i t y  o f  any i n te rna t i ona l  partner;  F igure  A depic ts  a dual launch 
scenario, w i t h  assembly o f  payload elements i n  low-Earth o r b i t  fo l lowed by a 

s ing le  t r a n s f e r  t o  Mars. 

Upon a r r i v a l  a t  Mars, each o f  t h e  separate veh ic le  systems i s  i nse r ted  
i n t o  Mars o r b i t ;  aerocapture i s  t he  pre fer red  design op t ion  because i t s  mass 

requirements are lower than a l l - p ropu ls i ve  capture. The nominal o r b i t  f o r  

rover mission deployment i s  e l l i p t i c a l  w i t h  l ow-a l t i t ude  per iaps is  and o r b i t  
per iod equal t o  one Mars day; t he  spacecnaft l e f t  i n  o r b i t  provides surface 
imaging and re lay  telecomnunications support t o  t h e  rover  mission. The sample 
re tu rn  system may i n i t i a l l y  be placed i n t o  a s i m i l a r  o r b i t  or, possibly,  
d i r e c t l y  i n t o  a near -c i rcu la r  o r b i t  f o r  l a t e r  rendezvous. A f t e r  a per iod  o f  
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coordinated o r b i t a l  reconnaissance t o  c e r t i f y  t h e  safety o f  t he  preselected 

landing s i t e ,  t he  two landers are deorbi ted t o  land f a i r l y  c lose t o  each o ther  
t o  enhance l a t e r  surface rendezvous/sample t rans fer  operations. Nominally, 
t he  sample re tu rn  system lands f i r s t  t o  prov ide a de te rm in i s t i c  reference 
po in t  f o r  t a rge t i ng  the  rover  lander. Sample t rans fer  may be performed i n  

several sor t ies ,  depending on both the  landers '  separat ion distance and t h e  
l o c a t i o n  o f  desired sampling s i t es .  It i s  expected t h a t  t he  sample r e t u r n  

l a n d e r  w i l l  have t h e  independent  c a p a b i l i t y  o f  a c q u i r i n g  samples a t  i t s  

land ing  s i t e  and surrounding area. 

The t y p i c a l  stay t ime a t  Mars f o r  low-energy round t r i p s  o f  about 2.8 
years i s  between 11 and 18 months, depending on t h e  launch year. Much o f  t h i s  
t ime would be ava i l ab le  fo r  rover  science/sampling operations p r i o r  t o  l i f t o f f  

of t he  ascent vehicle. Although the  remainder o f  t h e  sample re tu rn  mission i n  
t h i s  scenar io i s  not p r i m a r i l y  t he  r e s p o n s i b i l i t y  o f  t he  U.S., c e r t a i n  assump- 
t i o n s  could be made. For example, it i s  assumed t h a t  Mars o r b i t  rendezvous 

would be used as p a r t  o f  t he  r e t u r n  process. Another expectat ion i s  t h a t  t he  

samples would be returned t o  an Ear th o r b i t i n g  labora tory  f o r  p re l im inary  

inves t iga t ions ,  i nc lud ing  quarant ine protocol  t es t i ng .  Although undoubtedly 
of great concern, t he  s p e c i f i c  procedures f o r  sample recovery and con t ro l  were 
not addressed i n  t h i s  study. Nonetheless, such procedures would c e r t a i n l y  be 
the  focus o f  f u t u r e  i n t e r n a t i o n a l  discussions and agreements. 

SCIENCE OBJECTIVES 

The MRSR mission must be s c i e n t i f i c a l l y  successful both as a sample 
re tu rn  mission and as a sur face science mission. In tens ive  study o f  Mars w i l l  
determine: (1) the  chemical, mineralogical ,  and pe t ro log i ca l  character  o f  a 
range o f  r e t u r n e d  samples; (2 )  t h e  n a t u r e  and chrono logy  o f  t h e  m a r t i a n  
surface-forming processes; and (3 )  t he  d i s t r i b u t i o n ,  abundances, sinks, and 
sources o f  v o l a t i l e s ,  i nc lud ing  the  i n v e s t i g a t i o n  o f  both past and present 

b i  o l  ogi ca l  po ten t i  a1 . A v a r i e t y  of careful  l y  se lected and documented samples 

w i l l  be obtained, and proper precautions must be taken t o  preserve the  chemi- 

ca l  and physical  i n t e g r i t y  o f  t he  samples dur ing  the  c o l l e c t i o n  process and 
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t he  re tu rn  t r i p  t o  Earth. The s u i t e  o f  samplles w i l l  be obtained from in-p lace 

rocks, pebbles, surface and subsurface so i l s ,  i ces  and v o l a t i l e s ,  and t h e  

atmosphere. Typica l  sampling t o o l s  inc lude a co r ing  d r i l l ,  chipper, rake, 
scoop, m o l e c u l a r  s ieve ,  and dus t  c o l l e c t o r ,  many under  t h e  c o n t r o l  o f  a 
robo t i c  rover  arm. I n  support of t h e  sampling operations and as important 
experiments fo r  -- i n  s i t u  science, t h e  rover 's  science payload w i l l  i nc lude 

instruments of t h e  fo l low ing  generic types: imager, elemental analyzer, water 
analyzer, atmospheric and evolved gas analyzer, and mineral character izer .  

LAMIIWG SITES 

S i t e  se lec t i on  i s  d r i ven  by science object ives,  landing a c c e s s i b i l i t y ,  

and safety .  Ter ra in  s tud ies o f  candidate land ing  s i t e s  are being conducted t o  
evaluate t h e  geology and t r a f f i c a b i l i t y  o f  each s i t e .  There i s  general agree- 
ment t h a t  t h e  mission should sample a v a r i e t y  o f  t e r r a i n s  and mater ia ls .  An 
optimum s i t e  would have geologic u n i t s  of wide ly  d iverse  ages and chemical 

compositions; these u n i t s  should be c lose enough t o  be reached by a rov ing  

veh ic le  w i t h  moderate m o b i l i t y  c a p a b i l i t y  (no more than 100 k i lometers) .  More 
than t e n  candidate s i t e s  have been i d e n t i f i e d  and character ized based on high- 

r e s o l u t i o n  V ik ing  photographs and t h e  der ived geologic maps o f  these areas. 

Most o f  these s i t e s  l i e  w i t h i n  25 degrees l a t i t u d e  o f  t h e  Mars equator; rover  
t raverses have been generated f o r  Candor Chasma and Mangala Valles; t h e  l a t t e r  
has more var ied  and seemingly smoother t e r r a i n .  There i s  a l so  considerable 
i n t e r e s t  i n  sampling t h e  i c e  and layered deposits o f  t h e  no r th  and south po la r  
regions. Po la r  s i t e s  are not  as e a s i l y  accessible from e l l i p t i c a l  o r b i t s  as 

near-equatorial s i t es ,  bu t  they do appear t o  be t h e  smoothest areas on t h e  

p lanet  . 

COWEPT ISSUES 

A number o f  key techn ica l  issues emerged dur ing  t h e  course o f  t h i s  study. 
A p re l im ina ry  understanding o f  these issues i s  important t o  t h e i r  eventual 
reso lu t ion ,  which may have a s i g n i f i c a n t  impact on t h e  performance achieve- 
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ment, development cost, and techn ica l  r i s k  of t h e  ove ra l l  mission concept. 

S i t e  Safety Cer t i f i ca t i on .  Choosing a safe land ing  s i t e  w i t h i n  an i n t e r e s t i n g  
s c i e n t i f i c  area requi res s u f f i c i e n t  in fo rmat ion  about the  s i t e  t o  e s t a b l i s h  

t h e  guidance and con f igu ra t i on  design o f  t h e  land ing  system. C e r t i f i c a t i o n  
impl ies t h e  existence o f  sa fe  touchdown loca t i ons  t h a t  can be i d e n t i f i e d  and 
reached by a lander capable o f  hazard avoidance and/or hazard tolerance. Four 
d i  f f erent  1 andi ng desi gn op t  i ons t h a t  depend on various 1 eve1 s o f  i n f  ormat i on 
about sur face cha rac te r i s t i cs  were defined. The f i r s t  op t ion  r e l i e s  t o t a l l y  
on p r i o r  in fo rmat ion  obtained from high- reso lu t ion  o r b i t e r  images (e.g., Mars 
Observer and f o l l o w - o n  p r e c u r s o r  m i s s i o n s )  and r a d a r  da ta ;  t h i s  o p t i o n  
requi res t h e  most s t r u c t u r a l l y  robust landing system design. The second 

op t ion  app l ies  onboard lander  inst rumentat ion t o  i d e n t i f y  hazards dur ing  t h e  
te rmina l  land ing  phase and uses propu ls ive  maneuvering t o  avoid t h e  most 
dangerous obstacles; t h e  b e n e f i t  i n  t h i s  case i s  a smaller-scale lander. 
Option 3 in t roduces new data taken by a h igh- reso lu t ion  imager on t h e  MRSR 
o r b i t e r ,  thus prov id ing  a map o f  t h e  land ing  area s to red  i n  t h e  lander  memory 
f o r  image c o r r e l a t i o n  processing and hazard avoidance maneuvering; t h e  lander  
s c a l e  i s  f u r t h e r  reduced. The f o u r t h  o p t i o n  adds t e r r a i n  c o r r e l a t i o n  
techn iques  d u r i n g  t h e  e n t r y  phase and r e s u l t s  i n  t h e  most s o p h i s t i c a t e d  

computational design, i .e. , t h e  u l t i m a t e  t rade -o f f  f avo r ing  e lec t ron i cs  over 

s t r u c t u r a l  robustness . 

Orbiter Support Role. Several ways i n  which t h e  o r b i t e r  may assume func t ions  
t o  support t h e  sur face operations and minimize t h e  rover 's  complexity and 
design r i s k  were studied. Imaging i n  support o f  t h e  land ing  s i t e  survey and 
safety c e r t i f i c a t i o n  has already been mentioned. O r b i t e r  imaging would a l so  

bene f i t  1 ong-range t raverse  p l  anni ng, a1 1 owi ng a much h i  gher average da i  l y  
speed f o r  t h e  rover  operat ing i n  a semiautonomous mode. The t h i r d  func t i ona l  
r o l e  o f  an o r b i t e r  i s  t o  serve as a telecommunications r e l a y  l i n k  between t h e  

rover  and Earth. This re1 ay , complementing a d i  r e c t  rover-Earth 1 i n k  , g r e a t l y  

extends t h e  rover 's  operat ional  duty cyc le  over each mart ian day f o r  near- 

equator ia l  1 anding s i t e s  , and v i r t u a l  l y  enables successful communications f o r  
po la r  s i t es .  It a lso  serves as a backup t o  t h e  d i r e c t  Ear th  l i n k .  
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Landing Strategy. Surface rendezvous i s  a unique requirement f o r  t h i s  mission 
concept i n v o l v i n g  separately 1 anded rover  and sample r e t u r n  vehicles. Lander 
guidance accuracy was assessed f o r  d i  f ferent .  e n t r y  conf igura t ions  . Aeroman- 
euvering w i t h  a veh ic le  w i t h  a moderate-to-high l i f t - t o - d r a g  r a t i o  i s  very 
des i rab le  because i t  o f f e r s  t h e  smallest land ing  e r r o r s  t h a t  can be p r a c t i -  

c a l l y  achieved ( l ess  than 10 k i lometers) .  Analys is  o f  landing sequence op- 
t i o n s  argues f o r  a s t ra tegy  i n  which t h e  sample r e t u r n  veh ic le  i s  landed 

f i r s t ,  p a r t i c u l a r l y  i f  i t s  guidance accurac,y i s  no t  as good as t h a t  o f  t h e  

rover lander. This repor t  presents q u a n t i t a t i v e  data on t h e  maximum values o f  

l a n d e r  s e p a r a t i o n  and r o v e r  t r a v e r s e  d i s t a n c e s  r e s u l t i n g  f r o m  d i f f e r e n t  
t a r g e t i n g  s t ra teg ies  and guidance accuracy c i ipabi l  i t i e s .  

Rover  nob i l i t y .  T h i s  s tudy  focused a t t e n t i o n  o n l y  on l o c a l  c o n t r o l l e d  
mobi 1 i ty  , whi ch i s  charac ter i  zed by 1 and-rovi ng vehi c l  es ( e i t h e r  wheeled, 

tracked, o r  1 egged) t h a t  have re1 a t i  ve ly  p rec i  se con t ro l  over t h e i  r p o s i t i o n  

and sampling a b i l i t y .  Typica l  m o b i l i t y  requirements inc lude t r a v e r s i n g  one 

k i lometer  per  day, surmounting obstacles o f  1.5 meter scale, and c l imb ing  
grades o f  up t o  35 percent on loose sand. Legged locomotion o f f e r s  b e t t e r  
grade-climbing a b i l i t y  than e i t h e r  wheeled o r  t racked veh ic le  types, bu t  may 
be l ess  r e l i a b l e  because of t h e  greater  complexity of i t s  mechanisms and com- 
pu ta t i ona l  requirements. A p re l im inary  des-ign was developed f o r  a three-cab, 
s i x -whee led  r o v e r  we igh ing  about  600 k i l o g r a m s  ( i n c l u d i n g  a 90 k i l o g r a m  
science payload) w i t h  a power budget of 240 watts. This ana lys is  helped 

undersco re  a v e r y  i m p o r t a n t  d e s i g n  i ssue ;  namely, t h a t  packag ing  volume 
cons t ra in t s  imposed by t h e  en t r y  aeroshell ,  as we l l  as t h e  launch veh ic le  pay- 

l o a d  envelope,  a c t  t o  l i m i t  t h e  r o v e r  s i z e  and, t h e r e f o r e ,  t h e  s c a l e  o f  

surface obstacles t h a t  can be traversed. 

Saaple Themal  Control. The primary cura ta l r ia l  concerns regard t h e  r e t e n t i o n  
o f  in fo rmat ion  associated w i t h  t h e  v o l a t i l e s ,  and t h e  sub t le  in fo rmat ion  
associated w i t h  low-temperature t ransformat ions w i t h i n  t h e  samples o f  rocks, 

so i l s ,  and ices. A c l e a r  preference i s  f o r  acqu i r ing  t h e  samples w i thout  

thermal contamination and then preserv ing t h e  samples i n  a c o l d  cond i t i on  

x i i i  
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( less  than 240 K )  when s to red  on t h e  rover  and i n  t h e  re tu rn  spacecraft. The 

la rges t  thermal t h r e a t  i d e n t i f i e d  i s  t h e  heat ing  of t h e  re tu rn  capsule as i t  
o r b i t s  Earth awa i t ing  recovery. The pre l im inary  conclusion o f  t h e  s tud ies  t o  

date i s  t h a t  t he  mart ian samples can be returned t o  Ear th i n  a co ld  s t a t e  w i t h  
proper thermal con t ro l  methods which do not  requ i re  excessive mass o r  power. 

MISSION FEASIBILITY ASSESSMENT 

Based on t h e  analys is  o f  t h e  key techn ica l  issues and pre l im inary  design 
concepts, i t  i s  concluded t h a t  a f l i gh t -separab le  MRSR mission conducted i n  a 
cooperative i n t e r n a t i o n a l  mode as def ined here would be t e c h n i c a l l y  feas ib le .  
Aside from programnatic o r  p o l i t i c a l  issues which were not  t r e a t e d  here, i t  

appears t h a t  t h e  necessary technology t o  accomplish a U.S. rover  mission i s  
e i t h e r  a t  hand o r  w i l l  be ava i l ab le  i n  t h e  near term, and t h a t  t h e  f i r s t  
mission could be launched as e a r l y  as 1996 o r  1998. Table A presents a mass 
sumnary f o r  a p l a u s i b l e  re ference design and ind i ca tes  t h a t  our cu r ren t  launch 
c a p a b i l i t y  (i.e., Shutt le/IUS o r  t h e  an t i c ipa ted  T i t a n  IV/Centaur) i s  s u f f i -  
c i e n t  t o  perform t h e  rover  miss ion w i t h  adequate margin. I n i t i a l  cost  e s t i -  
mates i n d i c a t e  a s i g n i f i c a n t  savings f o r  t h e  rover-only mission compared t o  a 
fu l l - up ,  u n i l a t e r a l  Mars sample return.  

The mission concept suggested i n  t h i s  study, as we l l  as t h e  r e s u l t s  

obtained, should be considered pre l iminary.  A l l  techn ica l  issues need t o  be 
addressed again i n  greater  depth, as they w i l l  be i n  t h e  s tud ies planned t o  be 

conducted i n  1987-88 by several NASA centers and aerospace indus t r y  contrac- 

t o r s .  NASA i n t e n d s  t o  be prepared  f o r  any o p p o r t u n i t y  t h a t  may a r i s e  
regarding Mars sample return.  This means t h a t  a l l  poss ib le  scenarios f o r  U.S. 
involvement must be reexamined. Bas ica l l y ,  t h r e e  such scenarios e x i s t :  e i -  

t h e r  h a l f  o f  t h e  s p l i t  rover/sample r e t u r n  mission as a cooperative endeavor, 

o r  t h e  complete mission as a u n i l a t e r a l  i n i t i a t i v e .  The follow-on s tud ies 
w i l l  examine each o f  these cases i n  order  t o  expand the  technologica l  data 
base which, i n  tu rn ,  w i l l  enable an informed dec is ion  on t h e  most l o g i c a l  

approach t o  fo l low.  
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Table A 
MARS ROVER HISSION MASS SUUARY FOR A PLAUSIBLE REFEREflCE DESIGN 

Tota l  Mass i n  Kilograms 

Mars Aerocapture") Propuls ive Capture (1) 

(2) ........................ 607 607 Rover 

Lander Module .................... 336 (82)* 336 (82 1 

Parachute Systems 87 87 ................ 
Aeromaneuvering System ........... 469 (106) 469 (106) 

--- Aerocapture She1 1 ................ 208 

( 3 )  894 (289) 1,939 (1,185) O r b i t e r  ...................... 
Biosh ie ld  29 29 ........................ 
LV Adapter 79 104 ....................... 

I n j e c t e d  Mass ............... 2,709 (477) 3,571 (1,373) 

Shut t le / IUS( 11) Margin ...... 740 
1996 Launch 

680 (w / In jec t i on  
Modu 1 e) 

* Prope l lan t  mass i n  ( ) 

(l) 500 km x 1 so l  o r b i t  

(2)  with 90 kg  science payload 

( 3 )  w i t h  61 kg  science payload 

xv 
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1. INTRODUCTION 

NASA's gu'iding s t ra tegy  f o r  p lanetary  exp lo ra t i on  i s  based on a balanced 
process of simultaneously i n v e s t i g a t i n g  t h e  var ious types of bodies i n  t h e  
so la r  system: t h e  inner  planets, outer  planets, and small bodies. Neverthe- 
less,  a t  c e r t a i n  times i n  t h i s  process there  (ex is ts  t h e  unique oppor tun i ty  f o r  
i n tens i ve  study of a p a r t i c u l a r  body fo l lowing i t s  s c i e n t i f i c  reconnaissance 
and exp lo ra t ion  phases. Mars i s  such a body. The Solar  System Exp lora t ion  

Committee (SSEC) o f  t h e  NASA Advisory Council has s t rong ly  recommended t h a t  a 

Mars Sample Return mission be undertaken before t h e  year  2000 (Ref. 1). This 
mission, which inc ludes a sur face rover, w i l l  p rov ide a wealth o f  s c i e n t i f i c  
information about Mars and w i l l  increase our understanding o f  t h e  o r i g i n  and 

evo lu t i on  o f  a l l  t e r r e s t r i a l  planets, i nc lud lng  Earth. It w i l l  a l so  present 
major technologica l  challenges and s t imu la te  advances i n  many c r i t i c a l  areas 
o f  spacecraft design and operation. 

The s c i e n t i f i c  r a t i o n a l e  and ob jec t ives  f o r  comprehensive -- i n  s i t u  
exp lo ra t ion  o f  t h e  mar t ian  surface, and sample r e t u r n  i n  p a r t i c u l a r ,  have been 

wel l  estab l ished by several committees o f  t h e  Space Science Board and a number 

o f  Mars Science Working Groups. Most recent ly ,  t h e  SSEC reconfirmed t h i s  

basic science s t ra tegy,  s t a t i n g  i n  par t :  " ... t h e  r e t u r n  o f  u n s t e r i l i z e d  

mart ian samples t o  Earth i s  t h e  best and on ly  way t o  make c e r t a i n  k inds o f  
c r i t i c a l  measurements t h a t  w i l l  de te rmine :  ( a )  t h e  g e o l o g i c  h i s t o r y  o f  

mar t ian rock un i t s ;  (b) t h e  evo lu t i on  of t h e  mar t ian  c r u s t  and mantle; (c )  t h e  
i n te rac t i ons  between t h e  mart ian atmosphere and sur face mater ia ls ;  (d) t h e  
presence o f  contemporary o r  f o s s i l  l i f e . "  The SSEC f u r t h e r  s ta ted  t h a t  a 
s c i e n t i f i c a l l y  j u s t i f i a b l e  Mars Sample Return mission must prov ide a v a r i e t y  

o f  r a t i o n a l l y  chosen and documented samples from c a r e f u l l y  se lected areas, 

must incorpora te  s i g n i f i c a n t  sur face m o b i l i t y  i n  ob ta in ing  adequate samples, 

and must take  proper precautions f o r  preserv ing t h e  chemical and phys ica l  

cond i t i on  o f  t h e  samples dur ing  t h e  c o l l e c t i o n  process and the  r e t u r n  t r i p  t o  
Earth . 

The most recent comprehensive study o f  a Mars Sample Return miss ion was 
c a r r i e d  ou t  i n  1984 by personnel from t h e  J e t  Propulsion Laboratory (JPL), 

NASA/Johnson Space Center (JSC)  , and Science Appl icat ions In te rna t i ona l  

1 



Corporation (SAIC). T h a t  study (Ref. 2) focused on an integrated mission 
concept wherein the surface rover and sample return vehicle elements were 
delivered t o  Mars on a single launch and landed together. Design character- 
istics and technology requirements were investigated for a number of alter- 
native mission opt ions.  W i t h  this background of a well-understood sample 
return concept, NASA decided t o  focus i t s  1986 study effort on a potential 
opportunity not previously examined; namely, a Mars Rover/Sample Return 
mission w h i c h  would involve a significant aspect of international cooperation. 
As envisioned, the U.S. would assume a major but  not unilateral role In such 
an implementation mode, which would involve several separate launches of the 
rover and sample return mission elements w i t h  l and ings  a t  two selected sites 
on Mars. 

The objective of this study i s  t o  develop a preliminary definition of a 
cooperative i n i t i a t i v e  fo r  a f l  igh t -separable  Mars Rover/Sample R e t u r n  (MRSR) 

mission, and t o  identify the key technical issues whlch will form the basis 
for subsequent focused analyses by NASA and aerospace contractor teams. 
Toward this purpose, i n  the f a l l  of 1986 a preliminary study team consisting 
of members from JPL, JSC, SAIC, the NASA/Ames Research Center ( A R C ) ,  and the 
U.S. Geol o g i c a l  Survey (USGS) was formed . A Mars Exploration Strategy 
Advisory Group (MESAG) was organized by NASA t o  provide oversight support and 
guidance. Expl ic i t  guide1 ines for this effort were: 

1. 

2. 

3. 

4. 

The MRSR initiative will consist of two separate, coordinated 
missions of like importance; specifically, a Mars Rover and a 
Mars Sample Return. 

One mission will be performed by the U.S. and one by an  
international partner, w i t h  each participant assuming the 
role t h a t  i t  perceives itself t o  be most capable of 
performing . 
Roles should be defined such t h a t  technology transfer is 
minimized and the sharing of results i s  maximized. 

Each mission role should be independently credible i n  the 
event t h a t  the cooperative effort is abandoned or t h a t  the 
other mission fa i l s .  

I 
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Guide l i nes  of an i m p l i c i t  nature were t h a t  t h e  study should focus on 
technica l  ra the r  than programnatic o r  p o l i t i c a l  issues, t h a t  t h e  mission 
launch should be considered i n  a t ime frame as e a r l y  as 1996 o r  1998, and t h a t  

t h e  near - te rm U.S. l a u n c h  c a p a b i l i t y  shou ld  be r e s t r i c t e d  t o  e i t h e r  t h e  

Shuttle/IUS o r  t h e  T i t a n  IV/Centaur vehicles. 

The Mars Sample Return mission based on a s i n g l e  f l i g h t  system approach 

remains t h e  top  U.S. p r i o r i t y  f o r  an Augmented Program mission i n i t i a t i v e  as 
c l e a r l y  s ta ted  by SSEC recommendation. Nevertheless, a d i f f e r e n t  view was 
requi red i n  t h i s  study i n  order  t o  p roper ly  address t h e  po ten t i a l  oppor tun i ty  
f o r  accomplishing t h e  miss ion ob jec t ives  i n  ii cooperative i n t e r n a t i o n a l  mode. 
One d i r e c t i v e  f o r  t he  study was t o  develop a se t  of p laus ib le  opt ions and t o  
analyze these opt ions a t  a l e v e l  o f  d e t a i l  s u f f i c i e n t  t o  determine t h e  most 

s e n s i b l e  approach. The p r e l i m i n a r y  s t u d y  team began i t s  a c t i v i t i e s  b y  
apply ing t h e  gu ide l ines  s ta ted  i n  t h e  i n t roduc to ry  remarks t o  t h e  question: 

How should t h e  mission operations and hardware elements be d iv ided;  i.e., who 
does what, and when? 

Ear l y  a t t e n t i o n  focused almost exc lus i ve l y  on a U.S. rover  miss ion design 

r o l e  i n  a j o i n t  MRSR miss ion concept. The r a t i o n a l e  f o r  t h i s  choice inc ludes 
t h e  f o l l  owing c o n s i d e r a t i o n s  : (1) g i v e n  t h e  r e c e n t  Mars sampl e r e t u r n  
studies, a rover  mission i s  p resent ly  t h e  l ess  we l l  understood o f  t h e  two r o l e  

options; (2)  our pro jected near-term launch veh ic le  capabil  i t y  cannot capture 
a Mars sample r e t u r n  miss ion w i t h  a s i n g l e  launch, bu t  would very l i k e l y  be 
capable o f  ca r ry ing  an o r b i t e r  and rover  lander; (3)  t h e  rover  miss ion i s  
s c i e n t i f i c a l l y  i n t e r e s t i n g  on i t s  own mer i t s  and a l so  as an element o f  sample 
return;  and ( 4 )  a U.S. rover  mission may be more saleable i n  t h e  cu r ren t  

environment because: (a )  i t  should be somewhat l ess  c o s t l y  than development 

o f  sample r e t u r n  veh ic le  systems, (b)  rover  operations on t h e  sur face o f  Mars 
have imnediate and extended pub l i c  appeal, and ( c )  a rover  miss ion would 
provide major technologica l  challenges and benef i t s .  

T h i s  f i n a l  r e p o r t  o f  t h e  p r e l i m i n a r y  s t u d y  p r e s e n t s  a c o n c i s e  b u t  
reasonably d e t a i l e d  d iscuss ion o f  t h e  approach, analyses, resu l t s ,  and recom- 

mendations o f  t he  study e f f o r t .  The in fo rmat ion  presented i n  t h e  remainder o f  

3 



t h i s  repor t  i s  organized as fo l lows:  Section 2 gives an overview desc r ip t i on  
of t he  MRSR mission scenario. Section 3 discusses the  cha rac te r i s t i cs  of 
candidate sampling s i t e s  and reasons fo r  t h e i r  se lect ion.  The key techn ica l  
issues of t h e  MRSR concept are i d e n t i f i e d  and described i n  Section 4; these 
issues i n c l  ude s i t e  sa fe ty  c e r t  i f i cation, o r b i t e r  support r o l  es , 1 andi ng 

s t ra tegy  , 1 ander conf i gu r a t i  on and rover  mobi 1 i t y  , and salnpl e con t ro l  and 

recovery. The rover  mission design analysis, which i s  presented i n  Section 5, 
i ncl  udes d i  scussi on o f  s u r f  ace s c i  ence and sampl i ng operations , rover  system 
concepts, o r b i t e r  design concepts, and a comparative summary o f  t h e  mission 
opt ions performance. 
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2. MISSION DEFINITION 

The o v e r a l l  mission scenario i s  shown schemat ica l ly  i n  F igure 1. Launch 
operations a t  Ear th  are i l l u s t r a t e d  separately f o r  t h e  rover  and sample r e t u r n  

veh ic le  elements. A Shu t t l e  launch w i t h  I n e r t i a l  Upper Stage ( IUS)  i n j e c t i o n  

o f  t he  i n te rp lane ta ry  payload i s  assumed here fo r  t he  U.S. rover  mission; 
a l t e r n a t i v e l y ,  an expendable launch veh ic le  ‘ l i ke  t h e  T i tan  IVKen tau r  could be 
employed. The use o f  t h e  Space S ta t i on  as a s tag ing base i s  a lso  poss ib le  bu t  
not  necessary fo r  t h e  rover  mission. Our i n t e r n a t i o n a l  par tner  assumes t h e  
r o l e  o f  launching and ca r ry ing  out  those miss ion operations associated w i t h  
re tu rn ing  t h e  co l l ec ted  samples t o  Earth. The major func t iona l  elements o f  
those operations are the  Mars ascent veh ic le  and t h e  Earth r e t u r n  vehicle. 
Because t h e  t o t a l  i n j e c t e d  payload i n  t h i s  case i s  much more massive, poss ib ly  
beyond t h e  c a p a b i l i t y  o f  a s i n g l e  launcheir i n  t h e  near term, t h e  diagram 
dep ic ts  a dual launch scenario w i t h  assembly o f  payload elements i n  low-Earth 
o r b i t ;  t h e  payload elements are then i n j e c t e d  onto a s i n g l e  t r a n s f e r  t o  Mars. 

Both  t h e  rover  and sample re tu rn  lander systems are launched dur ing  t h e  

same oppor tun i ty  window t o  a r r i v e  a t  Mars w i t h i n  approximately a month o f  each 
other. Upon a r r i v a l ,  each veh ic le  system i s  i nse r ted  i n t o  Mars o r b i t  using 

e i t h e r  a1 1-propul s i v e  o r  aerocapture techniques. The nominal o r b i t  f o r  t h e  

rover  system i s  e l l i p t i c a l  w i t h  per iaps is  a l t i t u d e  between 250 and 500 k i l o -  

meters and a 1-sol o r b i t  per iod (1 sol = :l Mars day = 24.6 hours). O r b i t  
i n c l i n a t i o n  w i l l  depend on t h e  preselected landing s i t e  l a t i t u d e ,  among o ther  
factors .  This choice o f  o r b i t  a l lows a dual support r o l e  i n  t h e  rover  mission 

regarding land ing  s i t e  imaging and r e l a y  telecommunications. The sample 
re tu rn  system may be placed i n i t i a l l y  i n t o  a s i m i l a r  type o f  o r b i t .  

A f t e r  a per iod o f  coordinated o r b i t a l  reconnaissance t o  c e r t i f y  t h e  

sa fe ty  o f  t h e  preselected land ing  s i t e  (o r ,  i f  necessary, t o  choose an a l t e r -  

nate s i t e ) ,  t h e  two landers are deorb i ted t o  en ter  t he  mart ian atmosphere and 
land on t h e  mar t ian  surface i n  reasonably c lose  prox imi ty .  The nominal scen- 

a r i o  would have t h e  sample r e t u r n  system landed f i r s t ,  fol lowed s h o r t l y  by the  
rover. A reverse scenario i s  a lso  an opt ion  t o  be considered, espec ia l l y  i n  a 
cooperat ive mode where i t  may be poss ib le  t o  minimize t h e  separation d is tance 
i f  t h e  second lander  could be guided t o  a rad io  beacon. 
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The t y p i c a l  s tay  t ime  on Mars fo r  t he  conjunction-class f l i g h t  mode i s  

between 11 and 18 months, depending on t h e  launch year opportunity. When 
surface science and sampling operations are completed, t he  rover  i s  d i rec ted  
t o  rendezvous w i t h  t h e  sample r e t u r n  lanlder and t o  t r a n s f e r  i t s  sample 
can is te r  t o  t h e  Mars ascent vehicle. This operat ion may be performed on ly  

once o r  i n  several so r t i es ,  depending on such factors  as i n i t i a l  separation 
d i s t a n c e ,  l o c a t i o n  o f  i n t e r e s t i n g  sampl ing s i t e s ,  s t a t u s  o f  t h e  s u r f a c e  
environment, and t h e  degree o f  r i s k  aversion t o  hardware fa i l u re .  It i s  a lso  
understood t h a t  t h e  sample r e t u r n  1 ander may have the  independent capabil  i t y  

o f  acqu i r ing  samples a t  i t s  landing s i t e  and t h e  l o c a l l y  surrounding area. 
A f t e r  a l l  co l l ec ted  samples are  obtained, t h e  ascent veh ic le  l i f t s  o f f  t h e  
s u r f a c e  and accompl ishes rendezvous w i t h  t h e  o r b l t i n g  s p a c e c r a f t ,  which 
inc ludes a separable Earth r e t u r n  vehicle. The sample can is te r  i s  t r a n s f e i r e d  

t o  t h i s  vehic le ,  which subsequently i n j e c t s  onto an Earth r e t u r n  t r a j e c t o r y .  
A t  approach t o  Earth, a separable capsule conta in ing  the  sample can is te r  i s  
inser ted  i n t o  o r b i t  and brought t o  a receiv-ing o r b i t i n g  l abo ra to ry  (poss ib l y  
t h e  Space Sta t ion)  f o r  p re l  fminary i nves t i ga t i ons  i nc lud ing  quarantine 

protocol  t es t i ng .  The samples are then de l i vered  t o  f a c i l i t i e s  on Earth. 

Spec i f i c  procedures f o r  t h e  sample recovery phase o f  t h e  miss ion were not  
i d e n t i f i e d  i n  t h i s  study, s ince such procedures w i l l  depend on in te rna t i ona l  

agreements which are y e t  t o  be established. 

F i g u r e  2 i l l u s t r a t e s  t h e  he1 i o c e n t r i c  t r a j e c t o r y  f o r  t h e  round- t r ip  
miss ion launched i n  1996. This i s  a minimum-energy, conjunct ion-c lass f l i g h t  

p r o f i l e .  The Earth-Mars t r a v e l  t ime i s  302 days, t h e  s tay t ime a t  Mars i s  332 

days, and t h e  Mars-Earth t r a v e l  t ime  i s  357 days, f o r  a t o t a l  o f  991 days o r  

2.7 years. Other launch year oppor tun i t ies  w i l l  have vary ing t r a n s f e r  and 

s tay  times, but  t h e  round- t r ip  t ime remains v i r t u a l l y  constant a t  2.7 t o  2.8 

years .  F i g u r e  3 shows m i s s i o n  t i m e l i n e s  f o r  an example sequence o f  t w o  

launches i n  1996 and 1998 w i t h  Mars a r r i v a l  occur r ing  dur ing  t h e  f a l l  season 
i n  t h e  nor thern hemisphere. Poss ib le  dust storm a c t i v i t y  could de lay sur face 
operations dur ing the  e a r l y  p o r t i o n  o f  t h e  s tay  t ime a t  Mars; reconnaissance 
from o r b i t  seems a prudent p o l i c y  before comni t t ing  t o  a landing. 
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The focus o f  i n v e s t i g a t i o n  i n  t h i s  study i s  t h e  rover mission, given t h e  

assumption t h a t  t h i s  i s  t o  be t h e  U.S. r o l e  i n  a cooperative endeavor. The 
next several sections o f  t h i s  report  w i l l  describe the  c h a r a c t e r i s t i c s ,  key 

design options, and performance requirements of t h e  rover mission concept. 
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Geol o g i c  maps have been compiled a t  1:500,000 and 1:2 m i l  1 i o n  scales o f  
t he  Mangala Val les and Kasel Val les areas and o f  t h e  Chasma Boreale ( n o r t h  

po la r )  and Planum Austra le  (south po la r )  areas. Studies o f  t h e  topography and 
sur face roughness o f  t he  two Mangala Val les s i t es ,  using 1:500,000 scale maps 
as bases, have begun. Geo log ic  mapping has been g r e a t l y  f a c i l i t a t e d  b y  
s p e c i a l l y  enhanced, h igh- reso lu t ion  V ik ing  photographs, which c l a r i f y  
s t r a t i g r a p h i c  r e l a t i o n s  o f  p rev ious ly  unrecognized un i ts .  Photocl inometr ic  

p r o f i l e s  o f  topographic features (Ref. 3)  provide w id th  and depth measurements 
o f  f o u r  classes o f  channels, t h e  thickness o f  some volcanic  un i t s ,  and t h e  

throw on some fau l t s .  Estimates o f  t h e  sur face roughness of u n i t s  are being 
ca lcu la ted  from Vik ing  images, using a newly developed computer program and 

measurements obtained by T. Thompson o f  JPL and R. Simpson o f  Stanford from 
Earth-based r a d a r s  a t  A r e c i b o  and Goldstone,  and V i k i n g  b i s t a t i c  r a d a r  
measurements by L. Ty le r  and R. Simpson o f  Stanford. 

3, CANDIDATE W P L I f f i  SITES 

T e r r a i n  s tud ies o f  candidate landing s i t e s  f o r  a f u t u r e  rover/sample 
r e t u r n  miss ion t o  Mars are being conducted t o  evaluate t h e  geology and sur face 

roughness ( t r a f f i c a b i l i t y )  o f  each s i t e .  An optimum s i t e  should have geologic 
u n i t s  o f  wide ly  d iverse  ages and chemical compositions; t h e  u n i t s  should occur 
i n  c lose  enough prox imi ty  and on smooth enough t e r r a i n  t h a t  a rov ing  veh ic le  
capable o f  t r a v e l i n g  no more than about 100 k i lometers can c o l l e c t  represen- 
t a t i v e  samples. Candidate s i t e s  a re  l i s t e d  .in Table 1; a f u l l  geologic map o f  
Mars appears as t h e  f ron t i sp iece  t o  t h i s  repor t .  

S t u d i e s  o f  t he  two  Mangala Val les s i t e s  are v i r t u a l l y  complete. A page- 
s ize  p o r t f o n  o f  t he  East Mangala s i t e  w i t h t  proposed t raverses i s  shown i n  
F igure 4. A long, complex geologic h i s t o r y  i s  ind ica ted  by the  s t r a t f g r a p h l c  
r e l a t i o n s  shown on t h e  maps and three-dimensional diagrams; c r a t e r  counts o f  
the  geologlc u n i t s  conf i rm these re la t i ons .  Crater-densi ty  numbers, when 
compared w i t h  t h e  second model o f  t h e  c a l i b r a t i o n  curve described i n  Reference 
4, i n d i c a t e  t h a t  map u n i t s  range i n  age from 4.0 t o  0.6 Gy. I n  t h i s  area, t h e  
ancient c ra te red  t e r r a i n  o f  Mars, which may cons is t  o f  lunar- type anor thos i te ,  

n o r i t e ,  and t r o c t o l  i t e  (ANT su l te )  o r  t e r r e s t r i a l  - type ancient greenstone- 

g r a n i t o i d  and g ranu l i t i c -gne iss  t e r r a i n s  (Refs. 5 and 6), i s  p a r t l y  covered by 
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Table 1 

CANIIDATE ROVER SITES 

S i t e  

Chasma Boreal e 

P1 anum Austra l  e 

Memnonia Su lc i  

Olympus Rupes 
(Southeast) 

Kasei Val les 

Mangal a Val 1 es 

West 

East 

Elysium Mons 

Apol 1 i n a r i  s Patera 

N i  1 osy r t  i s Mensae 

Candor Chasma 

Locat ion 

L a t i  tude 

80.8 N 

82.5 S 

9.7 s 

13.8 N 

15.1 N 

7.2 S 

4.7 s 

24.3 N 

7.5 s 
35.5 N 

10.5 S 

Long i tude 

44.0 W 

60.0 W 

174.2 W 

131.2 W 

75.8 W 

158.6 W 

147.5 W 

214.8 W 

187.2 W 

302.5 W 

74.5 w 

E l  e v a t i  on 

-1 km 

t 4  (? )  km 

t2.5 km 

+2 km 

t1 km 

0 km 

0 km 

+3 km 

+0.5 km 

+2.8 km 

+2.5 km 

Rocks Avai 1 ab1 e 

Water i c e  cap, layered 
deposits , northern p l  a i  ns 
mater ia l  

Carbon d iox ide  i c e  cap, 
1 ayered deposits, southern 
p l  a i  ns mater i  a1 

Ancient c ra te red  deposi ts  
(possi b l  e n o r i  t es )  , i n t e r -  
c r a t e r  p la ins ,  b a s a l t i c  
lava  flows, r h y o l i t i c  
vo l  cani c l  a s t i c  depos i ts  

Basa l t i c  l ava  f lows o f  
t h ree  ages 

Intermediate age basal t 
f lows i n t o  which channels 
are inc ised,  and young 
f lows t h a t  over1 i e  channels 

Ancient c ra te red  t e r r a i n  
( possi b l  e n o r i  t e s  , 
anor thos i tes)  intermediate- 
age and -composition lava  
f 1 ows , young basal t i c  
f lows, and younger rhyo- 
l i t i c  v o l c a n i c l a s t i c  rocks 

Two ages o f  basal t i c  f lows 

Two ages o f  b a s a l t i c  f lows 

Basa l t i c  in termediate age 
p la ins ,  and ancient heav i l y  
cratered up1 ands 

Layered rocks i n  canyon 
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a thick sequence of lobate volcanic units, probably basaltic lava flows, and 

younger, possibly felsic, volcaniclastic rocks. A t  least three episodes of 
small -channel formation have been identified and dated . A1 though  many inves- 
tigators have theorized t h a t  most, i f  not a l l ,  martian channels are ancient 
(Refs. 7-10), our studies show t h a t  the small channels appear t o  range i n  age 
as widely as the large outwash channels (Ref. 11). Channels t h a t  emerge from 
the distal end of a lava  flow and have leveed banks are probably volcanic i n  
origin; those having  tributaries or a luv la l  deposits a t  their mouths are 
probably f l  uvial  . 

Enhanced images show some lava flows pouring over a f a u l t  scarp, other 
flows t h a t  stop a t  the scarp, and one flow t h a t  appears t o  be cut by the 
scarp. Wide, theater-headed channel s dissect some of these flows . Fau l t  
movement, lava flows, and channel formation can be da ted  from these geologic 
re1 a t  i on s . 

On photoclinometric profiles of  a f a u l t  scarp t h a t  marks the boundary 
between the southern highlands and the northern low plains east of Mangala 
Valles, slopes t h a t  range from 8' t o  25' and throw t h a t  ranges from 70 meters 
t o  2 kilometers were measured. Figure 5 shows V i k i n g  Images t h a t  illustrate 
these re1 a t  ions . 

Possible traverses for the rover are also shown on the geologic map of 
the East Mangala s l te  (Figure 4 ) ;  samples t h a t  may be collected a t  each stop 
are shown i n  Table 2. A core drill t h a t  could penetrate surficfal desert 
varnish and weathered rind probably should be used t o  collect samples. 

Ancient degraded channels range i n  w i d t h  from 0.7 t o  4 kilometers and i n  
depth from 33 t o  112 meters; the longest channel i s  80 kilometers long. Two 
branches of the main Mangala Valles system are, where measured, 5 and 4.5 
kilometers wide and 200 and 300 meters deep, respectively; their lengths are 
80 and 60 kilometers. North-trending, theater-headed channels are 1 t o  3 
kilometers wide, 100 t o  1,500 meters deep, and  6 t o  60 kilometers l o n g .  
Young, narrow channels t h a t  l i e  inside and  extend beyond the mouths o f  
theater-headed channels are 300 t o  800 meters wide, 20 t o  60 meters deep, and 
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Table 2 

EAST MANMU SITE: POSSIBLE W L E S  

Sta t i on  
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21 

22 
23 
24 
25 
26 
27 
28 

Descri p t  on 

Young basa l t  f lows 
Young basa l t  f lows 
Crater  e jec ta  from young basa l t  flows 
Crater  e jec ta  from young basa l t  f lows 

Talus from o l d  basa l t  f lows 

Talus from o l d  basa l t  f lows 

Talus from o l d  basa l t  f lows 
Young subjacent basa l t  f lows 

Young subjacent basa l t  flows t h a t  cover stream c,,annel 
Older basa l t  cut  by stream channel 

S t  ream channel deposi ts  
Older basa l t  c u t  by stream channel 

Stream channel deposits 
Talus o f  o l d e r  basa l t  f lows 

Basal t  ove r l y ing  channel 
Basal t  f lows 

Basal t  f lows 
Basal t  f lows ove r l y ing  c r a t e r  
Crater  e j e c t a  from Apl and poss ib le  o lder  u n i t s  
C ra te r  e jec ta  from l a r g e  c ra te r ;  may inc lude e jec ta  from 
01 der  un i t s 
Cra te r  e jec ta  from l a r g e  c ra te r ;  may inc lude e jec ta  from 
o l  der u n i t s  

Basal t  f lows 

Older basa l t  f lows 
Basalt f lows w i t h  windblown Apt 

Poss ib le  young ign imbr i t es  

Basalt f lows w i t h  windblown Apt 

Older basa l t  f lows 
Basal t  f lows 
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Figure 4. Geologic Map of the East Mangala Landing Site on Mors 
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20 t o  70 k i lometers long. P r o f i l e s  o f  a poss ib le  v o l c a n i c l a s t i c  u n i t  show i t  
t o  be about 1 k i lometer  t h i c k  where it embays one c r a t e r  and s p i l l s  i n t o  

another. 

A t  t h e  Kasef Val les s i t e ,  one geologic map a t  1:2 m i l l i o n  scale and two 
geologic maps a t  1:500,000 scale have been completed. The s i t e  appears smooth 
on ava i l ab le  low-resol u t i o n  images, bu t  geologic u n i t s  are more dispersed than 
a t  o ther  s i t e s  and long t raverses would be needed t o  c o l l e c t  var ied  samples. 

Geo log ic  maps a t  1:2 m i l l i o n  and 1:500,000 scales o f  t h e  Chasma Boreale 

(no r th  po la r )  and Planum Aust ra le  (south po la r )  areas show deposits o f  layered 
i c e  ove r l y ing  layered deposi ts  o f  mixed i c e  and d e t r i t u s ;  young dune deposi ts  
are a lso present. A d r i l l  mounted on a rover  could ob ta in  meter- th ick cores 

o f  these layered deposits. These s i t e s  a lso  appear t o  be t h e  smoothest areas 
on t h e  p lanet ,  according t o  b i s t a t i c  radar data (Ref. 12) using t h e  V ik ing  

o r b i t e r  spacecraft and the  Stanford radar dish. Samples o f  i c e  and rock from 
t h e  layered t e r r a i n  should prov ide a valuable record o f  t h e  recent h i s t o r y  o f  

Mars. 

Geologic maps o f  t h e  Memnonia Su lc i  and Olympus Rupes s i t e s  were prepared 
e a r l i e r  on 1:500,000 scale enlargements o f  1:l m i l l i o n  scale bases. The 

Memnonia Su lc i  area, mapped i n  1984 (Ref. 13), d isp lays  a wide v a r i e t y  o f  rock 
types and compositions, bu t  i t  lacks  t h e  channel deposits found a t  t h e  nearby 
Mangala s i tes .  A t  t h e  Olympus Rupes s i t e ,  a t  l e a s t  three b a s a l t i c  u n i t s  t h a t  

represent stages i n  t h e  development o f  Olympus Mons were mapped (Ref. 14). A 
topographic map o f  Olympus Mons has been compiled by Sherman Wu and asso- 
c ia tes ,  us ing stereoscopic V ik ing  images. When new 1:500,000-scale bases f o r  
these s i t e s  are produced, t h e  geologic mapping w i l l  be t rans fe r red  t o  them. 

Most samples t h a t  w i l l  be co l l ec ted  are expected t o  be rock i n  s i t u ,  

ra the r  than t h e  mixed impact debr is  t h a t  was sampled on t h e  Moon. However, 

there  are th ree  sample types t h a t  w i l l  be va luable even i f  they are not - i n  
- s i t u :  (1) gravels  from stream channels t h a t  w i l l  p rov ide samples from t h e  

stream's e n t i r e  drainage basin; (2) rocks co l l ec ted  a t  t he  foo t  o f  a t a l u s  

slope t h a t  w i l l  p rov ide samples o f  layered rocks , otherwise unava i lab le  except 
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by climbing a c l i f f ;  and ( 3 )  impact e j e c t a  t h a t  contain samples o f  deeply 
buried m a t e r i a l ,  not otherwise a v a i l a b l e  a t  t h e  surface. 

The Elysium Mons, Candor Chasma, N i l o s y r t i s  Mensae, and A p o l l i n a r i s  
Three addit ional  s i t e s  t h a t  contain channels Patera s i t e s  a re  being mapped. 

w i l l  be selected and mapped. 
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4. CONCEPT ISSUES 

A number of key techn ica l  issues associated w i t h  t h e  MRSR miss ion concept 
emerged dur ing  t h e  course o f  t h i s  study. These issues r e l a t e  t o  t h e  s p e c i f i c  

function, operation, and design requirements o f  various hardware elements o f  
t he  MRSR veh ic le  system. A p re l im inary  understanding o f  these mat ters  i s  

important t o  t h e i r  eventual reso lu t ion ,  which may have a s i g n i f i c a n t  impact on 
the  performance achievement, development cost, and techn ica l  r i s k  o f  t h e  

ove ra l l  miss ion concept. The fo l l ow ing  questions were posed t o  prov ide a 
framework f o r  i n v e s t i g a t i n g  these issues: 

0 

a 

0 

0 

0 

S i t e  Safety C e r t i f i c a t i o n  - Given t h a t  a fundamental s i t e  
s e l e c t i o n  c o n f l i c t  between science and sa fe ty  e x i s t s  because 
t h e  most i n t e r e s t i n g  s i t e s  appear t o  have considerable topo- 
g raph ic  r e l i e f ,  what are t h e  comparative l e v e l s  o f  informa- 
t i o n  a f f e c t i n g  t h e  l a n d e r  d e s i g n  concept  and n o t i o n s  o f  
acceptable r i s k  i n  a c e r t i f i c a t i o n  process? 

O r b i t e r  Support Roles - How does a support ing Mars o r b i t e r  
enhance o r  enable extended c a p a b i l i t i e s  o f  t he  rover  miss ion 
i n  such func t iona l  areas as pre-landing s i t e  c e r t i f i c a t i o n ,  
rover  t raverse  p l  anni ng , and re1 ay telecommunications? 

Landing Strategy - Given t h a t  landing accuracy c a p a b i l i t i e s  
s t rong ly  i n f l uence  t h e  surface rendezvous operation, which i s  
a unique requirement f o r  separately landed rover and sample 
r e t u r n  vehicles, which veh ic le  should land f i r s t  and how does 
t h e  t a r g e t i n g  s t ra tegy  a f f e c t  rover  t raverse  d is tance 
requ i  rements? 

Lander Configuration and Rover M o b i l i t y  - What a r e  t h e  design 
ra t i ona le ,  a l t e r n a t i v e  options, and eva lua t ion  c r i t e r i a  f o r  a 
l ander  module t h a t  has some degree o f  to le rance t o  sur face 
hazards, and f o r  a rover  m o b i l i t y  system t h a t  can sa fe l y  
t r a v e r s e  t e r r a i n  o f  various grades, roughness, and obstac le 
s i  zes? 

Sample Control and Recovery - What are t h e  fundamental con- 
cerns and design opt ions associated w i t h  preservat ion o f  
v o l a t i l e s  and low-temperature in fo rmat ion  contained i n  t h e  
returned samples? 

These questions are addressed i n  t h e  d iscuss ion t h a t  fol lows. 
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4.1 S i t e  Safety C e r t i f i c a t i o n  

The concern about avoid ing land ing  hazards was a major issue dur ing  t h e  
study. Choosing a safe landing s i t e  w i t h i n  an i n t e r e s t i n g  s c i e n t i f i c  area 
requi res the  l a t e s t  in fo rmat ion  about t h e  s i t e  t h a t  can be used t o  e s t a b l i s h  

t h e  guidance and conf igura t ion  design of t h e  land ing  system. The designs d i s -  
cussed below depend on t h e  amount of new in fo rmat ion  ava i l ab le  dur ing  t h e  

m i  s s i  on . 
S i t e  c e r t i f i c a t i o n  re1  i e s  on two fundamental des ign  assumpt ions o r  

d e f i n i t i o n s  : 

1. S i t e  C e r t i f i c a t i o n  - There e x i s t ,  w i t h i n  t h e  en t r y  guidance 
e r r o r  e l l i p s e  o f  t h e  landing system, safe touchdown loca t i ons  
o f  s u f f i c i e n t  frequency t h a t  t h e  land ing  system can i d e n t i f y  
and reach  ( o r  be t o l e r a n t  o f )  a t  l e a s t  one o f  those s i t e s  i n  
t h e  terminal  landing phase. 

2. Safe Touchdown Locat ion - Safe l oca t i ons  are areas i n  which 
t h e  1 ander design accomnodates i n t a c t  and stab1 e touchdown 
w i t h  an acceptable p r o b a b i l i t y  value ( t o  be determined; e.g., 
0.9 - 0.99). 

There a r e  a t  l e a s t  f ou r  landing design options, given t h e  above d e f i n i -  

t i ons ,  t h a t  depend on t h e  in fo rmat ion  ( I )  about t h e  surface c h a r a c t e r i s t i c s  o f  
t h e  landing s i t e  ava i l ab le  dur ing  t h e  landing. The landing system designs 

w i l l  be based upon t h e  new in fo rmat ion  (AI) t h a t  w i l l  be provided dur ing  t h e  
mission. Table 3 l i s t s  these landing opt ions as a func t i on  o f  t h e  A I  provided 
by t h e  land ing  veh ic le  and/or t he  o r b i t e r  dur ing  t h e  mission. A p lus  (+) s ign  
i s  a q u a l i t a t i v e  representat ion o f  a c o n t r i b u t i o n  o f  new in fo rmat ion  t o  the  

process by a veh ic le ' s  capab i l i t y .  Note t h a t  these opt ions span t h e  spectrum 
from no new in fo rmat ion  i n  t h e  0, 0 opt ion t o  vast  amounts o f  new in fo rmat ion  

i n  t h e  ++, ++ option. The r a t i o n a l e  f o r  t h e  se lec t i on  o f  these opt ions i s  

discussed bel  ow. 

Option 1 - Landing Based on Pre-Mission Information. There w i l l  e x i s t ,  
p r i o r  t o  t h e  landing system design, a l a rge  base o f  in fo rmat ion  about t h e  
surface o f  Mars. This in fo rmat ion  w i l l  have been provided by p r i o r  missions 
such as Viking, Phobos, Mars Observer, and Vesta, and by Earth-based radar. 
It i s  expected t h a t  these data w i l l  be low s p a t i a l  reso lu t i on  in fo rmat ion  w i t h  
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Table 3 

UNDIffi OPTIONS DEPENDIS ON NEW INFOWATION (AI) 

O D t  i on 

Pre-Mission Only 1 

Hazard I d e n t i f i c a t i o n  2 

Hazard Cor re la t i on  3 

Accurate Ent ry  Techno1 ogy 4 

'IMRSR* 

Lander Orb i te r  

0 0 

+ 0 

+ ++ 
++ ++ 

= New in fo rmat ion  regarding surface c h a r a c t e r i s t i c s  generated 
* 'IMRSR by MRSR mission. 

very l i m i t e d  surface coverage a t  h igh reso lu t ions  (see Ref. 15). 
depends on developing s t a t i s t i c a l  models o f  t he  land ing  s i t e s  as fo l lows:  

This  op t i on  

1. The Mars Observer camera w i l l  observe s c i e n t i f i c a l l y  i n t e r -  
e s t i n g  landing s i t e s  w i t h  s u f f i c i e n t  coverage and s p a t i a l  
r e s o l u t i o n  t o  assess t h e  l o c a l  environment o f  t h e  s i t es .  

2. S t a t i s t i c a l  models o f  t h e  landing hazards a t  t h e  s i t e s  w i l l  
be developed and/or updated from previous data (e.g., V ik ing)  
about the  s i t e .  

3. A l a n d i n g  s i t e  w i l l  be chosen c o n s i s t e n t  w i t h  t h e  most 
acceptab le  s t a t i s t i c a l  model and t h e  lander  design w i l l  be 
cons is ten t  w i t h  t h i s  model . 

T h i s  model i s  not  expected t o  prov ide good l o c a l  t e r r a i n  estimates a t  
h igh  enough s p a t i a l  reso lu t ions  t o  a l low f o r  land ing  veh ic le  designs a t  a 
reasonably small scale. Note that  the re  w i l l  be no - new in fo rmat ion  provided 

by e i t h e r  a hazard  avo idance system on t h e  l a n d e r  o r  new d a t a  f rom t h e  
o r b i t e r .  Thus, t h e  design would have t o  accommodate scales o f  hazards q u i t e  
l a rge  (many meters). This robust design would depend on l a r g e  s t r u c t u r a l  

23 



a t t r i b u t e s  such as l a rge  deployed appendages ( a i r  bags, etc.) t o  land s a f e l y  
w i t h i n  t h e  al lowable r i sk .  The r i s k  would probably be lower than t h a t  f o r  t h e  

V ik ing  lander  design, depending upon how robust t h e  MRSR landing veh ic le  could 
be made and how c a r e f u l l y  t h e  landing s i t e  would be chosen. This op t i on  

r e s u l t s  i n  t h e  most s t r u c t u r a l l y  robust landing system design. 

Option 2 - Landing Based on Hazard Identification by the Lander. The 
landing s i t e s  would be chosen as i n  Option 1. New landing s i t e  data w i t h  

s u f f i c i e n t  s p a t i a l  r e s o l u t i o n  t o  avoid hazards a f f e c t i n g  t h e  land ing  would be 

acquired dur ing t h e  landing approach by an instrument onboard t h e  lander. The 
actual  hazards would be i d e n t i f i e d  f o r  t h e  f i r s t  t ime dur ing t h e  landing, and 
propu ls ive  maneuvering would be ava i l ab le  t o  avoid t h e  most dangerous hazards. 
This op t ion  could a l low a smaller-scale lander, given an acceptable r i s k  t h a t  

t h e  te rmi  na l  guidance capabi 1 i ty  could, i n fact, avoi d 1 arger-scal e hazardous 
obstacles i d e n t i f i e d  i n  rea l  time. 

Option 3 - Landing Based on Hazard Correlation by the Lander. This 

op t ion  introduces data taken by a h igh- reso lu t ion  imager on an o r b i t e r  as p a r t  
of t h e  MRSR mission. The land ing  s i t e s  would be chosen as i n  Option 1. How- 
ever, each landing s i t e  would be mapped w i t h  h igh  s p a t i a l  reso lu t i on  images 
from t h e  o r b i t e r ,  p rov id ing  a map of t h e  actual  landing s i t e  hazards p r i o r  t o  
committing t o  t h e  landing. Processed o r b i t e r  image data o f  the  actual  land ing  
s i t e  would be s to red  i n  t h e  lander  memory. During t h e  terminal  descent t h e  
lander would use image c o r r e l a t i o n  techniques t o  determine t h e  prec ise  land ing  
l o c a t i o n  requi red t o  s a f e l y  land t h e  vehicle. Because o f  t h e  expected addi- 

t i o n a l  freedom i n  s e l e c t i n g  t h i s  de te rm in i s t i c  land ing  loca t ion ,  t h e  lander  

scale s i z e  could be made smal ler  than any o f  t h e  above opt ions wh i l e  remaining 
w i t h i n  an acceptable l e v e l  o f  mission r i sk .  

Option 4 - Option 3 with Entry Accuracy Enhancement. If a t e r ra in / co r re -  
l a t i o n  technique can be used dur ing  t h e  en t r y  phase o f  t he  landing, very small 
l a n d i n g  e r r o r s  would be p o s s i b l e .  T h i s  l a s t  o p t i o n  r e s u l t s  i n  t h e  most 
soph is t i ca ted  computational land ing  system design. The assessment o f  t h e  r i s k  

o f  t h i s  op t ion  would be based on t h e  expected r e l i a b i l i t y  o f  t h i s  computa- 

t i onal system. 
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4.2 O r b i t e r  Support Roles 

C l e a r l y ,  t h e  rover  i s  one o f  t he  most complex elements of t h e  MRSR mis- 
sion. I n  order  t o  minimize i t s  complexity and design r i sk ,  i t  may be bene- 
f i c i a l  t o  t r a n s f e r  as many func t ions  as poss ib le  t o  t h e  o rb i te r .  These func- 

t i o n s  include: 

1. High-resolut ion o r b i t e r  imaging t o  map t h e  land ing  s i t e  p r i o r  
t o  landing 

2. High-resolut ion o r b i t e r  imaging t o  map long-range t raverse  
rou tes  (i.e.., over t h e  rover 's  hor izon)  p r i o r  t o  o r  du r ing  
rover  operations 

3. High- reso lu t i on  o r b i t e r  imaging t o  l oca te  t h e  sample r e t u r n  
v e h i c l e  and t h e  r o v e r ,  a s s i s t i n g  t h e  s u r f a c e  rendezvous 
process 

4. An o r b i t e r  telecommunications system t o  r e l a y  te lemetry  from 
t h e  rover  and t rack  t h e  lander dur ing  en t r y  and landing 

5. An o r b i t e r  telecomnunications system t o  r e l a y  te lemetry  (as a 
backup) dur ing  rover  operations on t h e  sur face 

6. Support t o  t h e  rove r / l  andi ng veh ic le  dur ing  Earth-Mars 
t r a n s i t  as we l l  as when t h e  e n t i r e  f l i g h t  veh ic le  i s  i n  Mars 
o r b i t  

Reference 16 describes i n  d e t a i l  t h e  requirements t h a t  may be expected o f  a 

f u l l - c a p a b i l i t y  o r b i t e r  support ro le .  The f o l l o w i n g  d iscuss ion sumnarizes 

several o f  these support functions. 

Landing S i t e  Survey. P r i o r  t o  c o m m i t t i n g  t h e  descent  v e h i c l e  t o  a 

landing a t  a s p e c i f i c  p o i n t  on t h e  mart ian surface, i t  w i l l  be necessary t o  
v e r i f y  t h e  s a f e t y  o f  t h e  s i t e .  T h i s  w i l l  r e q u i r e  t h e  assessment of t h e  
numbers and k inds o f  hazards, such as boulders, abrupt topographic changes, o r  

u n t r a f f i c a b l e  surfaces, i n  a t i m e l y  fashion so t h a t  t h i s  in fo rmat ion  can be 

used t o  determine t h e  sa fe ty  o f  t h e  p o t e n t i a l  land ing  s i t e .  The e x i s t i n g  data 

base o f  V i k i n g  and M a r i n e r  images o f  Mars i s  i n s u f f i c i e n t  t o  make t h i s  

assessment. Future data obtained from the  Mars Observer and Vesta missions 

should g r e a t l y  improve t h e  knowledge base, a l l ow ing  t h e  pre-mission 

s e l e c t i o n / c e r t i f i c a t i o n  of one ( o r  a t  most a few) candidate s i t es ,  bu t  these 

data may a lso  prove lack ing  i n  s p a t i a l  and temporal completeness. 
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Exper ience from t h e  V ik ing  mission i nd i ca tes  t h a t  images on t h e  sca le  o f  

t he  descent veh ic le  which cover t h e  e n t i r e  area o f  t he  lander t r a j e c t o r y  
d ispers ion e l l i p s e  are requ i red  t o  adequately assess t h e  safety  of any poten- 
t i a l  landing s i t e .  This means t h a t  meter-scale reso lu t i on  i s  requ i red  t o  
adequately v e r i f y  t h e  sa fe ty  o f  any p o t e n t i a l  landing s i t e s  f o r  t h i s  mission. 
When consider ing such fac to rs  as t h e  i d e n t i f i c a t i o n  of geologic features, i t  

becomes necessary t o  have sub-meter-sized p i x e l s  i n  order t o  have an e f f e c t i v e  

meter-scale reso lu t i on  i n  t h e  images. Stereoscopic imaging i s  a lso  needed f o r  
landing s i t e  va l ida t ion ,  but  t h e  reso lu t i on  requ i red  f o r  t h i s  i s  lower than 

t h a t  requi red f o r  monoscopic imaging. It i s  an t i c ipa ted  t h a t  a 1.5-meter 

p i x e l  s i z e  w i l l  be adequate f o r  stereoscopic imaging. Navigation analys is  
ind ica tes  t h a t  t h e  smallest e r r o r  e l l i p s e  f o r  t h e  descent veh ic le  t r a j e c t o r y  
can be approximated by a square 10 k i lometers on a side. This i s  t h e  area 
t h a t  must be imaged dur ing  t h e  s i t e  v a l i d a t i o n  a c t i v i t y .  It i s  thought t h a t  

imaging t h i s  area i n  less  than ten  days would be an acceptable t ime i n t e r v a l  
w i t h i n  t h e  mission t ime l ine .  

Traverse Route Survey. Although t h e  rover  can be navigated across t h e  
mart ian sur face w i thout  t h e  assistance o f  o r b i t e r  support images, t h e  use o f  
t hese  d a t a  w i l l  a l l o w  a much h i g h e r  average d a i l y  speed f o r  t h e  rove r ,  

enabling a semiautonomous mode o f  operation. The h igh- reso lu t ion  o r b i t e r  
support images w i l l  a l low long t raverses t o  be planned on Earth, w i t h  t h e  
rover  autonomy and f a u l t  p ro tec t i on  c a p a b i l i t i e s  used t o  p ro tec t  i t  from 
small-scale obs t ruc t ions  t h a t  would otherwise h a l t  i t s  motion. The use o f  
such images may increase d a i l y  t raverse  distances by a f a c t o r  o f  4 t o  5. 

Add i t i ona l l y ,  these images can be used t o  see beyond the  rover 's  horizon, 
a l low ing  long-range t raverse  rou te  planning t h a t  can ensure t h a t  t h e  rover  

s tays w i t h i n  areas t h a t  have acceptable t r a f f i c a b i l i t y  charac ter is t i cs .  This 
w i l l  prevent "back-tracking" t o  get around areas t h a t  a re  otherwise impas- 

sable. F i n a l l y ,  t h i s  survey can be used t o  f ine-tune t h e  s c i e n t i f i c  p lanning 
o f  t he  t raverse  routes t o  ensure t h a t  t h e  maximum benef i t  i s  obtained from t h e  

rover traverses. 

The area t o  be imaged f o r  t he  t raverse  rou te  survey w i l l  be on t h e  sca le  

of a t y p i c a l  t raverse  rou te  segment. This w i l l  be shor ter  than t h e  t o t a l  
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l eng th  t o  be t raversed over t h e  rover  mission and longer  than t h e  d is tance 

traversed i n  a s i n g l e  day. For planning purposes, a t raverse  rou te  segment i s  
set  equal t o  an area 25 k i lometers long and 2 k i lometers wide. The d is tance 
of t h i s  segment corresponds t o  the  t y p i c a l  s t r a i g h t - l i n e  d is tance t h a t  would 
be traversed en rou te  t o  a s p e c i f i c  o b j e c t i v e  and t h e  width corresponds t o  a 

scale t h a t  would a l l ow  t h e  rover  t o  maneuver around mid-scale obst ruct ions.  
The r e s o l u t i o n  fo r  t h e  images used fo r  t h i s  purpose should have t h e  same scale 
as the  rover, i.e., meter-scale reso lu t ion .  The imaging system used f o r  t h e  
landing s i t e  survey w i l l  be adequate fo r  producing these images. The t ime 

necessary t o  perform t h i s  imaging should be sho r t  enough t h a t  it does no t  

impede t h e  motion o f  t h e  rover. 

T e l e c m u n i c a t f o n s  Relay. The necess i ty  f o r  and t h e  advantages o f  an 

o r b i t e r  r e l a y  l i n k  as a backup o r  complement t o  a d i r e c t  rover-Earth l i n k  

depend on t h e  l a n d i n g  s i t e  l a t i t u d e  and t h e  d e s i r e d  d u t y  c y c l e  o f  r o v e r  

m o b i l i t y  operations. For near-equatorial s i t e s ,  t h e  d i r e c t  Ear th  l i n k  i s  
ava i l ab le  f o r  about 40 percent of each mart ian day throughout t h e  e n t i r e  

per iod o f  sur face explorat ion,  except f o r  a few weeks o f  poss ib le  i n t e r r u p t i o n  

when Mars and Earth are i n  near-conjunction. The way i n  which a r e l a y  o r b i t e r  

can extend rover  operations i s  i l l u s t r a t e d  by F igure  6. This example calcu- 
l a t i o n  o f  Ear th  and o r b i t e r  v i s i b i l i t y  from t h e  rover  assumes t h e  1996 launch 
oppor tun i ty ,  a landing s i t e  a t  6' south l a t i t u d e ,  and a 15' e leva t i on  l i m i t  t o  

account f o r  expected worst-case obscuration by topographic features . The 
o r b i t e r  i s  loca ted  i n  a 30' i n c l i n a t i o n  o r b i t  w i t h  a per iaps is  a l t i t u d e  o f  500 

k i lometers and a 1-sol per iod (apoapsis a l t i t u d e  = 33,500 k i lometers) ;  Mars 
oblateness is accounted fo r  i n  o r b i t  precession where per faps is  was i n i t i a l l y  
located over t h e  landing s i t e .  I n  F igure 6, each 90° o f  l o c a l  hour angle i s  

equiva lent  t o  6.16 Ear th houFs. Earth i s  v i s i b l e  each day f o r  10.0 t o  10.5 
hours, almost e n t i r e l y  dur ing  day l i gh t  cond i t ions  a t  t h e  s i t e .  The o r b i t e r  i s  

v i s i b l e  around apoapsis f o r  11 t o  12 hours, most ly  a t  n igh t  f o r  t h e  f i r s t  few 
months and eventua l l y  between noon and midnight  a t  mission te rmina t ion  (Mars 

departure). Thus, i f  desired, t h e  daytime/nightt ime complementary 
communications 1 i n k  would g r e a t l y  extend t h e  r o v e r ' s  mob11 i t y  du ty  cyc l  e. 
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The geometry s i t u a t i o n  i s  q u i t e  d i f f e r e n t  i n  t h e  case o f  a p o l a r  land ing  

s i t e .  Depending on whether i t  i s  t h e  no r th  o r  south po la r  region, and on t h e  
t ime o f  year, t h e  d i r e c t  Earth l i n k  may be severely r e s t r i c t e d  o r  nonexistent 

dur ing  c r i t i c a l  per iods o f  surface operation. An o r b i t a l  r e l a y  l i n k  could be 
c r u c i a l  t o  mission success since, a t  best, t h e  d i r e c t  l i n k  w i l l  have on ly  a 

p a r t i a l  duty cyc le  over t h e  e n t i r e  mission. To b e t t e r  understand t h i s  inher -  

ent  problem, an example c a l c u l a t i o n  was made fo r  a landing s i t e  a t  81" nor th  
l a t i t u d e  assuming t h e  1996 launch oppor tun i ty .  Since Mars a r r i v a l  occurs a t  
t h e  beginning of t h e  f a l l  season i n  t h e  nor thern hemisphere, Earth i s  i n i -  
t i a l l y  v i s i b l e  low on t h e  hor izon f o r  s l i g h t l y  more than one month and then i s  

o u t  o f  v iew f o r  a lmost  n i n e  months. I n  c o n t r a s t ,  a s p a c e c r a f t  p r o p e r l y  

located i n  a 500 k i lometers x 1-sol o r b i t  provides a d a i l y  v i s i b i l i t y  per iod  

o f  approximately 22 hours, and thus serves as an enabl ing communications 

c a p a b i l i t y  f o r  t h i s  mission. 
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4.3 Landing Strategy 

I n  order t o  ensure a c c e s s i b i l i t y  t o  landing s i t e s  o f  s c i e n t i f i c  i n t e r e s t ,  
and t o  minimize t h e  rove r ' s  mob. i l i t y  requirements f o r  rendezvous w i t h  t h e  

sample r e t u r n  vehicle, it i s  des i rab le  t h a t  t h e  landing e r ro rs  be as small as 
can be p r a c t i c a l l y  achieved. The landing system d e f i n i t i o n  i n  t h i s  context  
c o n s i s t s  of t h e  a e r o s h e l l  w i t h  i t s  e n t r y  gu idance c a p a b i l i t y ,  pa rachu te  
deployment a t  terminal  descent condi t ions,  and t h e  lander  module w i t h  i t s  

propul s i  on and terminal  guidance capabi 1 i t y  . Concerns about 1 andi ng opt ions 
invo lve  t h e  determinat ion o f  landing accuracy measures f o r  d i f f e r e n t  system 
c a p a b i l i t i e s ,  t h e  way i n  which t h i s  in fo rmat ion  might be used t o  i n f e r  which 

o f  t he  two landers ( rove r  and sample re tu rn)  should be put  down f i r s t ,  and t h e  
way t h e  t a r g e t i n g  s t ra tegy  a f f e c t s  rover  t raverse  d is tance requirements. 
Analyses o f  these issues are described below. 

Entry Guidance Accuracies. Table 4 l i s t s  estimates o f  t h e  landing e r r o r  
associated w i t h  var ious veh ic le  types and guidance c a p a b i l i t i e s .  The numbers 
shown f o r  each case are t h e  lengths o f  t h e  semimajor and semiminor axes o f  t h e  
e r r o r  e l l i p s e  on t h e  surface o f  Mars. There are two separate columns o f  down- 
range and c ross range  numbers. The f i r s t  assumes t h a t  knowledge o f  t h e  

landing s i t e  l o c a t i o n  i s  not updated fo l lowing separation from t h e  o r b i t e r .  
The second assumes t h a t  e i t h e r  a beacon o r  some topographic c o r r e l a t i o n  proce- 
dure i s  used t o  update t h e  on-board knowledge o f  t h e  landing s i t e  l o c a t i o n  

r e l a t i v e  t o  t h e  lander. 

The numbers given f o r  V ik ing  (70s) are taken from a repo r t  c i t e d  i n  
Reference 17 and r e f l e c t  t he  pre-mission pred ic t ions .  These numbers were 
obtained by a detai.led analys is ,  and are t h e  most v a l i d  numbers t h a t  appear i n  
Table 4. The V ik ing  (90s) numbers were ext rapolated from t h e  V ik ing  (70s) 
numbers by fac to r ing  i n  improvements i n  knowledge r e s u l t i n g  from t h e  V ik ing  

mission. I n  o ther  words, i f  we were t o  simply repeat t h e  V ik ing  landing, w i t h  

the  same veh ic le  (L /D  = -18) and unguided, t h e  land ing  e r r o r  would be reduced. 

The primary knowledge improvements r e s u l t i n g  from Viking, i n  t h e  present con- 
t e x t ,  were i n  atmospheric densi ty ,  t he  pole l oca t i on ,  t h e  sur face map, and t h e  

r o t a t i o n  period. 
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Table 4 

MARS ENTRY GUIDANCE ACCURACY 

Entry Vehic le Type and 
Guidance Capab i l i t y  

V ik ing (70s) , L/D = .18, unguided 

V i  k ing (90s) , L/D = -18, unguided 

Low L/D (0.3), Apol lo guidance 

High L/D (1.4), Apollo guidance 

Low L/D (0.3), advanced guidance 

High L/D (1.4), advanced guidance 

* DR = Downrange, CR = Crossrange 

Landing Er ror  (30 i n  km) 

wi thout Beacon w i t h  Beacon 

DR* CR DR CR 

138 53 

76 26 

49 33 

18 20 

26 31 

8 8 

73 

25 

12 

13 

5 

25 

30 

18 

27 

5 

The next two rows o f  numbers are der ived from a repor t  c i t e d  i n  Reference 
18. Using e s s e n t i a l l y  Apol lo guidance, t he  Mars landing c a p a b i l i t i e s  f o r  a 
low l i f t - t o - d r a g  r a t i o  (0.3) Apol lo- type veh ic le  and a h igh  l i f t - t o - d r a g  r a t i o  

(1.4) b i con ic  veh ic le  were assessed. The numbers given i n  Table 4 have been 

modi f ied from those given i n  Reference 18 t o  account f o r  e r r o r  sources not 

included (winds, map, pole, and r o t a t i o n )  and t o  r e f l e c t  t he  cur ren t  knowledge 

o f  the  atmospheric densi ty.  The f i n a l  two rows o f  numbers i n d i c a t e  what could 
be achieved w i t h  more capable on-board guidance. Such guidance has not been 
demonstrated but  i s  c u r r e n t l y  under development w i t h i n  the  JPL Technology 

Program. The numbers shown i n  the  t h i r d  and fou r th  columns i n d i c a t e  tha t ,  

even w i t h  accu ra te  knowledge o f  t h e  l a n d i n g  s i t e ,  t h e r e  a r e  s t i l l  e r r o r  

sources t h a t  keep the  downrange and crossrange e r ro rs  a t  5 k i lometers o r  more. 
These i n c l  ude winds, v e h i c l  e aerodynamics, a tmospher ic  d e n s i t y  , and t h e  
guidance law. 
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Landing Sequence Options, The p r i n c i p a l  mo t i va t i on  f o r  land ing  t h e  rover  
payload p r i o r  t o  t h e  sample r e t u r n  system i s  t h a t  t h i s  op t ion  o f f e r s  the  best  

chance of p lac ing  t h e  rover  c lose  t o  an area o f  h igh  s c i e n t i f i c  i n t e r e s t .  The 
i m p l i c i t  r a t i o n a l e  fo r  t h e  r o v e r - f i r s t  sequence i s  t h a t  t h e  rover  miss ion 
would r e t a i n  cont ro l  of t h e  science ta rge t i ng  decision, and would not be 
pressured t o  land as c lose  as poss ib le  t o  t h e  sample r e t u r n  vehlc le ,  even i f  
the  l a t t e r  were not loca ted  i n  an i n t e r e s t i n g  o r  accessible science region. 
On t h e  other  hand, t h e  under ly ing mot iva t ion  f o r  p lac ing  t h e  sample r e t u r n  
lander down f i r s t  i s  t h a t  such a p o l i c y  provides a de te rm in i s t i c  rendezvous 

po in t  fo r  rover  t raverse  planning. Landing accuracy considerat ions should 
he lp  decide which of t h e  two opt ions i s  t h e  more p r a c t i c a l  under d i f f e r e n t  
condi t ions.  

F i g u r e  7 describes t h e  land ing  sequence issue as a semi-quant i ta t ive 
se lec t i on  m a t r i x  i n  terms o f  t h e  r e l a t i v e  landing e r ro rs  o f  t he  two vehicles. 
A v e r y  smal l  e r r o r ,  d e f i n e d  t o  be w i t h i n  5 k i l o m e t e r s ,  w i l l  p r o b a b l y  be 

achievable on l y  by a beacon-aided o r  map c o r r e l a t i o n  guidance scheme. I f  both 
landers have t h i s  c a p a b i l i t y ,  then it i s  o f  l i t t l e  concern which one lands 

f i r s t .  The science o b j e c t i v e  mo t i va t i on  argues i n  favor  o f  t h e  rover  landing 
f i r s t  i f  i t  provides a beacon t h a t  can be u t i l i z e d  e f f e c t i v e l y  f o r  c lose  
p rox im i t y  guidance by t h e  sample re tu rn  lander. I n  a l l  o ther  cases o f  unaided 
guidance, where t h e  sample r e t u r n  landing e r r o r  i s  moderately small ( 5  t o  20 
k i lometers)  o r  moderately l a r g e  (20 t o  50 k i lometers) ,  i t  seems b e t t e r  i f  t h e  
sample r e t u r n  veh ic le  lands f i r s t  t o  es tab l i sh  t h e  de te rm in i s t i c  p o i n t  fo r  
surface rendezvous. Note tha t ,  perhaps w i t h  some n a t i o n a l i s t i c  pr ide,  i t  i s  

assumed that  t h e  U.S. rover  lander ’s  i n t r i n s i c  accuracy ($.e., w i thout  beacon 

s u p p o r t )  would a lways be a t  l e a s t  as good as t h a t  o f  o u r  i n t e r n a t i o n a l  

par tner  . 
Rover Traverse Distance Requirements, A simp1 i f i e d  s t a t i s t i c a l  model o f  

landing e r r o r  c h a r a c t e r i s t i c s  was formulated t o  ob ta in  a p re l im ina ry  measure 
o f  t he  rover  t raverse  d is tances associated w i t h  d i f f e r e n t  guidance capabi l  i- 
t i e s  and poss ib le  landing cons t ra in t  boundaries near t h e  science area o f  
i n t e r e s t  . This r e l a t i o n s h i p  between the  landing e r r o r  f o o t p r i n t  and rover  

m o b i l i t y  requirements has not  been examined i n  previous studies. F igure  8 
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VERY SMALL MODERATELY SMALL MODERATELY LAROE 

ROVER LANDING ERROR 

11 1 us t ra tes  t h e  various placements o f  1 andlng e r r o r  e l  1 ipses considered f o r  
t h i s  problem. Case 1 represents a ta rge t i ng  s t ra tegy  where both lander  a i m  
po in ts  are biased toward a reference s i t e  which I s  a r b i t r a r i l y  placed a t  t h e  
o r i g i n  o f  t h e  x-y coord inate axes; t h e  x-axis I s  taken t o  be t h e  downrange 

d i r e c t i o n  and t h e  y -ax is  i s  t h e  crossrange d i r e c t i o n .  Note t h a t  t h e  concept 

o f  a reference s i t e  i s  employed on ly  f o r  convenience o f  t h e  ana lys is  and does 

not imply  t h a t  t he re  i s  on l y  a s i n g l e  "science s i t e "  o f  I n te res t .  

I f  t h e r e  i s  no rough t e r r a i n  cons t ra in t  boundary, then both landers are 
aimed a t  t h e  center  o f  t h e  reference s i t e ;  otherwise, t he  e r r o r  e l l f p s e s  a re  

placed tangent t o  t h e  boundary and centered on a l i n e  through t h e  s i t e  and 

normal t o  t h e  boundary. The var iab les  o f  I n t e r e s t  i n  t h i s  s i m p l i f i e d  model 

are t h e  displacement, 0, between the  two land ing  points ,  and the  t raverse,  R1 
+ R2, from t h e  rover  t o  t h e  s i t e  and then t o  t h e  sample r e t u r n  lander. Not 

considered here are add i t i ona l  t raverses I n  t h e  v i c i n i t y  of t h e  reference 
s i t e ,  p a r t i c u l a r l y  des i red e n t r y  i n t o  the  rough t e r r a i n  region; these could be 

viewed as de te rm in i s t i c  d e l t a  d is tances t o  be added t o  t h e  s t a t i s t i c a l  re-  

sul t s  . 
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DISPLACEMENT - D 
TRAVERSE = R  1 + R P  

R O U O H T R A l N T  BOU- I 

The R1 t R2 t raverse  scenario might be thought of as not  being o v e r l y  
concerned w i t h  r i s k  o f  rover  f a i l u r e ,  and one which maximizes t h e  i n  s i t u  
science and sampl i n g  ob jec t ives  e A second scenario, Case 2 (not  ill ust ra ted)  , 
i s  a lso  postu la ted wherein t h e  Rover Team i s  averse t o  r i s k  and the re fo re  

decides t o  reach t h e  r e t u r n  veh ic le  as soon as poss ib le  w i t h  en rou te  samples 

before exp lo r ing  t h e  most i n t e r e s t i n g  science areas. The s t ra tegy  i n  t h i s  
case i s  t o  land t h e  sample r e t u r n  veh ic le  f i r s t  and b ias  t h e  rover  l ander ' s  

a i m  p o i n t  toward t h e  known l o c a t i o n  o f  t he  f i r s t  lander, s t i l l  accounting f o r  

a c o n s t r a i n t  boundary t h a t  may be i n  e f f e c t .  The t o t a l  r o v e r  t r a v e r s e  
computed i n  t h i s  case i s  D + 2R2. 

-- 

Figures 9 and 10 summarize the  r e s u l t s  o f  Monte-Carlo s t a t i s t i c a l  calcu- 
l a t i o n s  made w i t h  a random sampling s i z e  o f  10,000. The n ine ty -n in th  percen- 

t i l e  values o f  displacement and t raverse  d is tances are p l o t t e d  f o r  several 
d i f f e r e n t  guidance c a p a b i l i t i e s  o f  t h e  two landers (see Table 4) ,  w i t h  and 

wi thout  t e r r a i n  boundary cons t ra in ts ,  and separately f o r  Case 1 and Case 2 
t a r g e t i n g  scenarios. These r e s u l t s  assume t h a t  downrange and crossrange 

e r r o r s  are described by independent, zero-mean, Gaussian probabi l  f t y  d i s t r i -  
butions. Also, on l y  t h e  worst-case cons t ra in t  boundary i s  shown. 
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Depending on t h e  guidance er ro rs ,  t he  displacement distances f o r  Case 1 
v a r y  between 12 and 82 ki lometers; t h e  cons t ra in t  boundary a f f e c t s  d isp lace-  
ment on l y  when t h e  sample r e t u r n  e r r o r  e l l i p s e  i s  much l a r g e r  than t h e  rover  
l a n d e r  e r r o r  e l l i p s e .  Th,e R1 + R 2  t r a v e r s e  v a r i e s  between 13 and 72 
k i lometers wi thout  cons t ra in t ,  but increases s i g n i f i c a n t l y  t o  t h e  range o f  26 

t o  154 k i lometers when t h e  cons t ra in t  boundary i s  present. The adaptive 
s t ra tegy  o f  Case 2 i s  seen t o  be q u i t e  e f fec t i ve  i n  reducing the  displacement 
d is tance t o  between 8 and 58 ki lometers. This could be espec ia l l y  important 
when the  sample r e t u r n  landing e r r o r  r e l a t i v e  t o  t h a t  o f  t h e  rover  i s  large. 
I n  t h i s  circumstance, t h e  displacement, D, which i s  equiva lent  t o  t h e  rove r ' s  
d i r e c t  t raverse  i n  sample de l i ve ry ,  i s  reduced from 45 t o  on l y  9 k i lometers 

when no cons t ra in t  i s  present o r  from 82 t o  9 k i lometers w i t h  cons t ra in t .  The 
"success" penal ty  t h a t  t h e  r isk-averse s t ra tegy  incurs  i s  t h a t  t h e  rove r ' s  
t o t a l  t raverse  requirement, D + 2R2, i s  increased by as much as 90 percent, 

and c o u l d  be as h i g h  as 200 k i l o m e t e r s  i n  t h e  wors t  example o f  gu idance 
errors .  F i n a l l y ,  i f  both landers have smal l  e r r o r s  (8  x 8 k i lometers)  repre- 
sen ta t i ve  o f  h igh  L/D aeromaneuvering and advanced guidance 'capabil i t i e s ,  then 

there  i s  no s i g n i f i c a n t  d i f f e r e n c e  between the  two t a r g e t i n g  s t ra teg ies  and 

I 

* e i t h e r  one woul d be acceptabl e . 

4.4 Lander Conf igura t ion  and Rover l iabi l i ty  

Design issues associated w i t h  t h e  terminal  land ing  module and t h e  rover  
m o b i l i t y  concept are, t o  some extent, i n te r re la ted .  The scale o f  t h e  lander  

p la t fo rm depends on t h e  s i z e  o f  t h e  rover  it ca r r i es ,  as we l l  as on o ther  

fac to rs  such as t h e  lander 's  guidance, propulsion, and t h e  s t r u c t u r a l  sub- 
systems t h a t  prov ide t h e  necessary assurance o f  hazard avoidance o r  tolerance. 

Rover s c a l e  depends on i t s  means o f  m o b i l i t y  as w e l l  as on i t s  packaged 

science/sample a c q u i s i t i o n  payload and mission-support subsystems. As t h e  
rover sca le decreases, obstac le  avoidance becomes more d i f f i c u l t  and m o b i l i t y  
con t ro l  tends t o  become more complex. Large rover  scale, on the  o ther  hand, 
causes mass, power, and packaging t o  become important design issues. An 
overarching concern i n  t h i s  e n t i r e  problem i s  ra ised  by t h e  f a c t  t h a t  t h e  

lander  system must be packaged i n s i d e  a Mars e n t r y  aeroshell  . Therefore, 

lander  s i z e  and packaging l i m i t a t i o n s  are l i k e l y  t o  be imposed by aeroshell  
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volumetric cons t ra in ts  which, i n  tu rn ,  may be d i c t a t e d  by t h e  maximum payload 
envelope o f  t h e  S h u t t l e  ca rgo  bay o r  a l t e r n a t i v e  launch v e h i c l e s .  The 

fo l l ow ing  paragraphs discuss some of these issues i n  the  general sense o f  
i d e n t i f y i n g  poss ib le  opt ions wi thout  a t tempt ing t o  basel ine any d e f i n i t i v e  
design so lu t ion .  

Landing Module Configuration. A safe lander design may have t o  
accomnodate surface hazards up t o  1.5 meters h igh  which may be almost any 
geomet r i  c shape . Robustness o f  1 ander s t r u c t u r e  and mechani sms can take 
several d i f f e r e n t  forms. The opt ions considered inc lude:  

1. An a i r - b a g  system w i t h  an e l e c t r o n i c a l l y  c o n t r o l l e d  gas 
meter ing t o  keep t h e  c r a f t  l e v e l  dur ing  t h e  energy-absorbing 
phase o f  descent 

2. A very long-legged design w i t h  ac tua tor -a r t i cu la ted  j o i n t s  
t h a t  prov ide f o r  t h e  lander t o  be lowered a f t e r  coming t o  
r e s t  on t h e  sur face 

3. Omnidirect ional landers t h a t  use a r t i c u l a t e d  members t o  
r e o r i  ent themselves i n t o  an up r igh t  p o s i t i o n  a f t e r  1 andi ng 

4. A conventional legged design t h a t  incorporates dynamical ly 
a c t u a t e d  l a t c h e s  on each l e g  t o  keep t h e  c r a f t  o r i e n t e d  
c l o s e l y  t o  l o c a l  v e r t i c a l  

5. A c o n v e n t i o n a l  legged des ign  w i t h o u t  t h e  above l a t c h i n g  
fea tu re  but  w i t h  a d r i v e - o f f  ramp t h a t  i s  made an i n t r i n s i c  
p a r t  o f  t h e  l a n d e r  s t r u c t u r e  p r i o r  t o  deployment on t h e  
sur face t o  enhance s t i f f n e s s  and s t rength  

The above designs were given a pre l im inary  overview and evaluated i n  terms o f  

cost, complexity, weight, techn ica l  development, r e l i a b i l i t y ,  and s towab i l i t y .  

Option 5, shown i n  F igure 11 as packaged i n  t h e  Mars en t r y  aeroshell ,  was 
found t o  have t h e  best o v e r a l l  r a t i ng .  

The bene f i t s  o f  t h e  unlatched , conventi onal 1 egged design inc lude t h e  

fo l low ing :  

1. The concept i s  made inhe ren t l y  simple and more r e l i a b l e  by 
u t i  1 i t i  ng no e l e c t  ron i  cs , e l e c t  r i  ca l  re1 ays , o r  actuators, 
except f o r  t h e  i n i t i a l  deployment swi tch and a s tored energy 
device t o  impart t h e  motion o f  deployment. 
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Rear S k i r t  / (Jet t isoned a f t e r  MOI) 

Separation J o i n t  
for Rear S k i r t  

I O r b i t e r  

Rear Bulkhead 
and Ramp 

Lander/Rover 

/Terminal Descent \ 

L 
L 

Rear Landing Leg (Stowed) .-  _ _ _ _ -  . 
Propulsion Tank - Front Landing Leg (Stowed) 

2. A l a r g e  f o o t p r i n t  i s  possible, thereby c o n t r i b u t i n g  t o  t h e  
c r a f t ' s  s t a b i l i t y .  

3. The s i m p l i c i t y  keeps t h e  weight low by reducing t h e  number o f  
redundant s t ruc tu res  and devices. 

One o f  t he  important parameters governing the  design o f  t h e  land ing  system i s  

the  a b i l i t y  t o  take impact wi thout  spr ing ing  back. Designing t h e  land ing  
system legs  t o  absorb t h e  maximum amount o f  energy poss ib le  i n  th ree  degrees 
o f  freedom and, a t  t h e  same time, t o  con t r i bu te  on l y  a minimum amount t o  t h e  
t o t a l  c r a f t  we igh t  m i g h t  be done b y  combin ing  compos i te  m a t e r i a l s  w i t h  
energy-absorbing foam matr ices t h a t  have recen t l y  been introduced. 

Mobility Concepts. Based on two d i f f e r e n t  s c i e n t i f i c  sampling phi loso-  
phies, t h e  two des i red a l t e r n a t i v e s  f o r  general m o b i l i t y  are: (1) l o c a l  

c o n t r o l l e d  m o b i l i t y ,  and ( 2 )  long-range m o b i l i t y .  Local c o n t r o l l e d  m o b i l i t y  

i s  character ized by land-rov ing veh ic les  ( e i t h e r  wheeled o r  legged) t h a t  have 

r e l a t i v e l y  prec ise con t ro l  over t h e i r  p o s i t i o n  and t h e i r  a b i l i t y  t o  sample 
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l o c a l  environments, i.e., t o  d r i l l  i n t o  a spec i f i c  rock o r  po in t  i n  t h e  s o i l .  
However, t h e i r  t raverse  c a p a b i l i t y  i s  l i m i t e d  due t o  t h e i r  r e l a t i v e l y  low 
speed and i n a b i l i t y  t o  pass over some types o f  t e r r a i n .  

Long-range m o b i l i t y  can be accomplished by r a i s i n g  the  t r a v e l i n g  dev ice 
above the  surface. Travel ing i n  t h e  atmosphere (i.e., a ba l loon)  and on ly  
occasional ly  s e t t i n g  down on t h e  surface i s  a p o s s i b i l i t y .  Many a i r  t r a v e l i n g  
vehic les are poss ib le  bu t  most are not  wel l  su i ted  t o  sampling operations. An 
a i rp lane,  f o r  example, cannot e a s i l y  land on and take o f f  from t h e  na tura l  
surface o f  Mars and thus has no e f f e c t i v e  l o n g - l i f e  m o b i l i t y ,  as wel l  as 
having an obvious f i n i t e  l i f e t i m e  i f  i t  r e l i e s  on propel lant .  Balloons have 

been proposed f o r  long-range m o b i l i t y  but  t h e i r  p o s i t i o n  cannot be c o n t r o l l e d  
accurately. Also, t h e i r  payload i s  i nhe ren t l y  l i m i t e d  by t h e  s i z e  o f  t h e  
ba l loon t h a t  can be deployed and con t ro l l ed  autonomously on Mars. A compro- 

mise between a rover and a ba l loon might be a b l imp t h a t  could e a s i l y  t r a v e l  
over l a r g e  ranges but under reasonable p o s i t i o n  cont ro l .  I t s  con t ro l  would 

have t o  be prec ise enough t o  sample s p e c i f i c  l oca t i ons  a t  each s i t e  and t o  
eventua l l y  r e t u r n  a l l  o f  i t s  samples t o  the  sample r e t u r n  vehicle. It remains 
t o  be determined whether a b l imp would be c o n t r o l l a b l e  enough t o  meet t h e  

mission requirements ( i nc lud ing  a s u f f i c i e n t  payload) f o r  t h e  sample return.  

I n  an e f f o r t  t o  evaluate these m o b i l i t y  methods, a ma t r i x  was developed 
and i s  shown i n  Table 5. F i ve  evaluat ion c r i t e r i a  are l i s t e d  across t h e  top  

of t he  tab le.  Each en t r y  i n  t h e  t a b l e  can have one o f  t h ree  values, ranging 

from one, representing a good design so lu t ion ,  t o  three, represent ing a poor 
des ign  s o l u t i o n .  Note t h a t  a c c o r d i n g  t o  t h e s e  e v a l u a t i o n  c r i t e r i a ,  t h e  
wheeled rover  i s  t h e  most des i rab le  ( lowest t o t a l )  a l t e rna t i ve .  I t s  c loses t  

competitor i s  t h e  blimp, which was penalized most heav i l y  f o r  i t s  inherent  

mass l i m i t a t i o n s .  

The system conf igura t ions  which have been considered on a p re l im inary  

b a s i s  i n c l u d e  a c t i v e  and p a s s i v e  wheeled systems w i t h  r i g i d  b o d i e s  and 

f l e x i b l e  o r  i n t e l l i g e n t  suspensions, a r t i c u l a t e d  wheeled systems w i t h  s i x  o r  
e igh t  wheels, looped wheeled systems w i t h  fou r  looped wheels w i t h  passive and 

a c t i v e  t read angle cont ro l ,  and legged systems w i t h  a c t i v e  cont ro l .  
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Table 5 
mlBILITY EVALUATION MATRIX 

I 
I 
1 

(1 = good, 2 = acceptable, 3 = poor) 

Posi t i  on Control Local 
Long Control Compl ex i  t y  Pay1 oad Envi ron . 

TY Pe Range Accuracy Re1 i a b i l  i t y  Mass Knowledge Total Comments 

Wheel ed 3 1 1 1 2 8 Range d i s -  
Rover advantage 

I 
I 
I 
I 
I 

Wal k ing  
Rover 

Ba l l  oon 

B1 imp 

3 1 

1 3 

1 2 2 

1 3 11 Complexity 
issue 

3 1 10 Control 
ac c u racy 
issue, 
pay1 oad 
mass 
l i m i t a t i o n  

3 1 9 Payload 
mass 
l i m i t a t i o n  

Passive systems may show good obstacle-crossing m o b i l i t y  i n  a p re fe r red  
d i r e c t i o n ,  b u t  t h e y  a r e  v e r y  s e n s i t i v e  t o  approach d i r e c t i o n .  R e l i a b l e  
a lgor i thms f o r  making t h i s  dec is ion  autonomously can be developed, bu t  a t  an 

add i t i ona l  computational expense. Ac t ive  systems are  much less  s e n s i t i v e  t o  
t h e  d i r e c t i o n  o f  approach. However, t h e  con t ro l  o f  these systems i s  computa- 

t i o n a l l y  very  i n tens i ve  and w i l l  requ i re  considerable computing power. 

M o b i l i t y  envelopes based on geometric models have been developed f o r  a number 
o f  the  candidate systems. Some o f  these m o b i l i t y  envelopes are inc luded i n  
Reference 19. 

Qua l  i t a t i v e l y ,  legged locomotion o f f e r s  b e t t e r  grade-cl imbing a b i l i t y  

than e i t h e r  wheeled o r  t racked veh ic le  types. However, t h e  computational 

c o m p l e x i t y  c o u l d  be a m a j o r  development problem. The b u l k y  and complex 
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mechanisms necessary f o r  legged locomotion are l i k e l y  t o  ca r ry  a considerable 

weight penal ty  compared t o  some o f  t h e  other  options. Thus, i t  was a n t i c i -  
pated t h a t  t h e  most capable m o b i l i t y  systems are a lso  l i k e l y  t o  be somewhat 
heavier than the  l ess  capable systems. However, a sca l ing  analys is  was per- 
formed and t h e  r e s u l t s  showed t h a t  t h i s  was no t  t h e  case. 

Select ion o f  t h e  optimum m o b i l i t y  system w i l l  requ i re  c lose  study of 
pro jected mission p r o f i l e s  i n  terms of pro jected t e r r a i n  types, payload t o  be 
carr ied,  and ove ra l l  system weight cons t ra in ts  . 

4.5 Simple Control and Recovery 

The o v e r r i d i n g  o b j e c t i v e  o f  t h i s  mission i s  t o  r e t u r n  a s u i t e  o f  mar t ian  
samples t o  Earth f o r  d e t a i l e d  in tens ive  study. The requirement i s  t h a t  t h e  

samples be preserved i n  a way t h a t  r e t a i n s  t h e i r  mar t ian in fo rmat ion  t o  t h e  
maximum ex ten t  possible. The primary concerns are t h e  in format ion associated 
w i t h  t h e  v o l a t i l e s  (and poss ib ly  t h e i r  i ces)  and t h e  subt le  in fo rmat ion  assoc- 

i a t e d  w i t h  low-temperature degradations and t ransformat ions w i t h i n  t h e  samples 

o f  rocks, s o i l s ,  and ices. These types of in fo rmat ion  are c r i t i c a l  t o  s tud ies  
o f  past and present c l ima te  and the  p o s s i b i l i t y  o f  mar t ian  l i fe - fo rms.  

There are t w o  fundamental opt ions fo r  preservat ion condi t ions:  

0 
0 "Warm" samples w i t h  v o l a t i l e s  l o s t  ( i n  fac t ,  i n t e n t i o n a l l y  

"Cold" samples w i t h  v o l a t i l e s  re ta ined 

ex t rac ted  ) 

A l l  o ther  th ings  being equal, t he re  i s  l i t t l e  argument t h a t  a cold, v o l a t i l e -  
laden sample provides t h e  most in format ion and t h e  h ighest  q u a l i t y  informa- 

t i on .  However, a l l  o ther  th ings  are not equal, and the  technica l  f e a s i b i l i t y  

and cost  o f  re tu rn ing  t h e  samples co ld  must be assessed. 

The concern f o r  t he  preservat ion cond i t ions  fo r  t h e  samples extends 

through several aspects o f  t h e  mission. Issues inc lude:  

0 
0 

Trauma t o  t h e  sample introduced by t h e  sampl i ng  t o o l s  
Sample storage cond i t ions  wh i le  on t h e  mart ian surface 
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0 
0 Thermal p ro tec t i on  f o r  t h e  samples upon a r r i v i n g  a t  Earth 

Sample storage cond i t ions  wh i le  i n  t r a n s i t  from Mars t o  Earth 

Pre l im inary  thermal modeling (Ref. 20) o f  a co r ing  sampling t o o l  i n d i -  
cates t h a t  rocks, s o i l s ,  and water i c e  can be sampled using a co r ing  d r i l l  

w i t h  very small increases i n  t h e  i n t e r n a l  temperature o f  t h e  ma te r ia l s  being 
d r i l l e d .  The d r i l l i n g  sampler was modeled as t h e  worst case ( f o r  heat ing t h e  
sample) o f  a l l  sampl i n g  t o o l s  under consideration. The parameters modeled 
were t h e  s p e c i f i c  energy requi red t o  c u t  through t h e  subst rate o f  i n t e r e s t ,  
t h e  hea t  c a p a c i t y  o f  t h e  s u b s t r a t e ,  and t h e  the rma l  c o n d u c t i v i t y  o f  t h e  
substrate. Various c h a r a c t e r i s t i c s  o f  t h e  d r i l l i n g  t o o l s  were tested, 
i nc lud ing  penetrat ion r a t e  and conduc t i v i t y  o f  t h e  d r i l l  mater ia ls .  

Although t h e  r e s u l t s  are pre l iminary,  i t  i s  ev ident  t h a t  even t h i s  "worst 

case" type o f  sampling induces on ly  small temperature changes w i t h i n  the  
sample. The most severe case i s  t h e  cor ing  o f  a basa l t .  Using a l -cen t imeter  

diameter core, t h e  i n t e r i o r  temperature o f  t h e  sample i s  ra ised  on ly  about 10 

K, wh i le  t h e  e x t e r i o r  o f  t h e  sampled core may be heated t o  a temperature about 

100 K h igher  than the  assumed ambient temperature o f  215 K. Most in fo rmat ion  
preserved i n  a mar t ian  basa l t  sample w i l l  su rv ive  these types o f  heating. 

S imi la r  modeling o f  t h e  same co r ing  device i n t o  a d r y  mar t ian s o i l  r e s u l t s  i n  
on ly  an 8 K temperature r i s e  a t  t h e  e x t e r i o r  o f  t h e  core and l e s s  than 1 K 
temperature change i n  t h e  core 's  i n t e r i o r .  I n  t h e  modeling, t h e  add i t i on  o f  
water i c e  t o  t h e  mar t ian  s o i l  r e s u l t s  i n  even smal ler  changes i n  temperature 
due 'to t h e  increased thermal conduc t i v i t y  and higher heat capac i ty  o f  the 

mixture. The most heat -sens i t i ve  in format ion i s  expected t o  be found i n  t h e  

s o i l  s ( ices,  c l  a th ra te  compounds, adsorbed gases, e t c  .) . While these model i n g  
r e s u l t s  are encouraging, they  must be confirmed by actual  t e s t i n g  measure- 
ments, a t o p i c  f o r  continued study. 

Sample storage w i l l  probably requ i re  some type o f  coo l i ng  c a p a b i l i t y  on 
the  rover  and perhaps i n  t h e  Mars ascent vehic le .  These areas have no t  been 
def ined i n  t h i s  study. There i s  power avai lab le,  and t h e  ambient temperature 

on Mars i s  near t h e  temperature needed f o r  preservat ion (~260 K ? ) ;  there fore ,  
there  have been no technica l  issues ra ised t o  question t h e  a b i l i t y  t o  keep t h e  
samples co ld  on t h e  rover. More d e f i n i t i v e  engineering conf i rmat ion  o f  t h i s  
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bel i e f  can be done when s p e c i f i c  rover systems and s p e c i f i c  sample temperature 
requirements are b e t t e r  defined. 

more 

heat 
from 

p r e s e r v i n g  the  samples i n  a co ld  cond i t i on  i n  t h e  re tu rn  spacecraft was 

studied as p a r t  of t he  1984 Mars Sample Return mission study (Ref. 2). That 
study concluded t h a t  t h e  spacecraft should be able t o  mainta in  temperatures i n  
the  range o f  240 t o  250 K by passive coo l i ng  alone. The shor t  engineering 

study considered a generic spacecraft i n  t h e  form of a r i g h t  cy l i nde r .  I n  
t h a t  simp1 i f i e d  conf igura t ion ,  1 i t t l e  more than an appropr ia te ly  r a d i a t i v e  
pa in t  on t h e  spacecraft provided enough coo l ing  t o  mainta in  the  requi red 
temperature. Clear ly ,  as t h e  re tu rn  spacecraft becomes b e t t e r  defined, t h i s  

study w i l l  have t o  be repeated a t  a more d e t a i l e d  l eve l .  I n  t h e  absence o f  a 
d e f i n i t i v e  study, t h i s  preservat ion problem seems t o  be solvable. 

The l a r g e s t  thermal t h r e a t  i d e n t i f i e d  f o r  t h e  re tu rn ing  samples i s  t h e  
ng of t h e  r e t u r n  spacecraft as i t  o r b i t s  Earth. The i n f r a r e d  r a d i a t i o n  

Earth i s  t h e  most d i f f i c u l t  heat source w i t h  which t o  contend. The 
problem would be aggravated by t h e  heat pulse generated by aerocapture o f  t h e  
re tu rn ing  veh ic le  i n  Ear th 's  atmosphere p r i o r  t o  going i n t o  Ear th o r b i t .  

Again, t he  study o f  t h i s  problem has been res t ra ined  by t h e  l ack  o f  s p e c i f i c s  
w i t h  respect t o  the  design o f  t he  re tu rn  spacecraft and even by t h e  uncer- 
t a i n t y  o f  whether aerocapture w i l l  be t h e  means o f  dece le ra t ing  t h e  veh ic le  
f o r  i t s  rendezvous w i t h  Earth. 

I n  another recent study (Ref. 21), t h e  question o f  rap id  recovery o f  a 

re tu rn ing  p lanetary  sample spacecraft was invest igated.  One conclusion o f  t h e  
study was t h a t  a spacecraft i n  c i r c u l a r ,  low-Earth o r b i t  can be recovered i n  

l ess  than t e n  hours w i t h  a rendezvous veh ic le  i n  the  OMV (Orb i ta l  Maneuvering 
Vehicle) class. I f  t h e  spacecraft were placed i n  a h i g h l y  e l l i p t i c a l  o r b i t ,  

which would cause i t  t o  spend much l e s s  t ime near the  warm Earth, t h e  rendez- 
vous can s t i l l  be accomplished i n  l ess  than two periods o f  t h a t  o r b i t .  The 

performance cost  o f  e l l i p t i c a l  recovery i s  t h a t  i t  requi res a rendezvous 

veh ic le  i n  the  Centaur o r  OTV ( O r b i t a l  Transfer Vehicle) class. 
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The o v e r a l l  conclusion o f  t h e  s tud ies t o  date i s  t h a t  t h e  mart ian samples 
can be returned t o  Earth i n  a co ld  state. However, t h e  so lu t ions  t o  t h e  
various problems are pre l im inary  and are piecewise so lu t i ons  t o  a problem t h a t  

must be looked a t  from an o v e r a l l  systems po in t  of view. For t h e  moment a t  
l eas t ,  co ld  sample r e t u r n  seems t o  be t e c h n i c a l l y  feasible, bu t  t h e  techn ica l  
costs  must be weighed against t he  incremental in format ion r e t e n t i o n  i n  t h e  
returned samples. How much i s  t h e  in fo rmat ion  i n  co ld  mart ian samples worth? 

Is a Mars Sample Return miss ion t h a t  b r ings  back on ly  warm samples worth t h e  
t r i p ?  The answers t o  these questions a w a i t  t h e  ca re fu l  a t t e n t i o n  o f  t h e  

science comnunity. 
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5. MISSION DESIGN ANALYSIS 

T h i s  sec t ion  presents more d e t a i l e d  in format ion about several important 
aspects of t h e  rover  mission design. These subjects inc lude sampling and 
surface science operations, rover  system concepts , o r b i t e r  design concepts, 
and an i n t e g r a t e d  summary o f  m i s s i o n  o p t i o n s  performance i n c l u d i n g  mass 

statements. Although the re  has been no i n t e n t i o n  i n  t h i s  p re l im inary  study t o  
specify a basel ine design, i t  was necessary t o  der ive  p laus ib le  designs i n  
order t o  assess t h e  techn ica l  f e a s i b i l i t y  o f  t h e  rover  mission. 

5.1 S;1 i ng and Surf ace Science Operat i ons 

The science s t ra tegy  f o r  Mars surface and sample science has been i n  
place f o r  a decade. A f t e r  t h e  V ik ing  mission, several committees o f  t h e  Space 

Science Board (SSB) o f  t h e  National Academy o f  Sciences s tud ied t h e  next steps 
i n  Mars explorat ion.  The conclusions o f  those s tud ies  have stood unchanged. 
The ob jec t ives  f o r  i n t e n s i v e  study o f  Mars are: (1) chemical, minera log ica l ,  

and pe t ro log i ca l  charac ter iza t ion  o f  a range o f  samples; (2) determi na t i on  o f  

t he  nature and chronology o f  t h e  mart ian surface-forming processes; and ( 3 )  
determinat ion o f  t h e  d i s t r i b u t i o n ,  abundances, sinks, and sources o f  
vol a t i  1 es, i nc l  ud i  ng study o f  both past and present b i  o l  og ica l  po ten t i  a1 . 

The MRSR mission combines aspects o f  both t h e  sample r e t u r n  ob jec t ives  

and t h e  on -su r face  e x p l o r a t i o n  o b j e c t i v e s  o f  p r e v i o u s l y  s t u d i e d  m i s s i o n  
concepts (Ref. 22). For purposes of t h i s  study, we assumed t h e  following se t  

o f  science object ives:  

1. The mission must be successful s c i e n t i f i c a l l y  both as a 
sample r e t u r n  mission and as a surface science mission. 

2. The mission should sample a wide v a r i e t y  o f  surface 
materi  a1 s . 

3. The mission should v i s i t  m u l t i p l e  te r ranes  i f  possible. 

4. The mission should r e t u r n  an i n t e l l i g e n t l y  se lected s u i t e  o f  
samples (grab sample i s  not an adequate r e t u r n  on i nves t -  
ment ). 
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5. The rover  should have sample charac ter iza t ion  capab i l i t y .  

6. The mission should sample t h e  atmosphere. 

7. Both weathered and f resh  samples should be co l lected.  

8. Sampling and sample preservat ion should be performed a t  
near-Mars condit ions. 

9. Several ki lograms o f  samples should be returned. 

10. Extended mission c a p a b i l i t y  f o r  t h e  rover  i s  assumed. 

Martian Sauple Suite and Tools. The mart ian samples chosen f o r  r e t u r n  t o  

Earth w i l l  be se lected c a r e f u l l y  on t h e  bas is  o f  t h e i r  importance t o  t h e  
s c i e n t i f i c  problems t h a t  they w i l l  enl ighten. S im i la r  s c i e n t i f i c  arguments 
w i l l  be made f o r  t h e  choice o f  t h e  landing area t o  be v i s i t ed ,  and c e r t a i n l y  
t h e  sample s u i t e  w i l l  r e f l e c t  t h e  p r i o r i t i e s  o f  t h e  science problems a v a i l a b l e  

a t  t h e  s i t e  f i n a l l y  chosen. 

I t i s  u s e f u l  t o  discuss t h e  s u i t e  o f  samples t h a t  might be returned from 

t h e  s u r f a c e  o f  Mars i n  te rms o f  t h e i r  f u n c t i o n a l  impact  on t h e  sampl ing  

system. Table 6 describes a poss ib le  sample su i te .  

Table 6 

CURTIAN SAMPLE SUITE 

I n -p l  ace rocks ........... Cannot p i ck  up 

Hand specimens ........... Can p i ck  up 
Pebbles .................. Small, whole samples 

Surface s o i l s  ............ Few mn and smal ler  
Subsurface s o i l s  ......... Several meters deep 

Ices and v o l a t i l e s  ....... Probably mixed w i t h  s o i l s  

Atmosphere 
Atmospheric dust 
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T h i s  s t u d y  was concerned p r i m a r i l y  w i t h  t h e  r o c k  and s o i l  samp l ing  
s t ra teg ies.  It was assumed t h a t  t h e  dust and atmospheric c o l l e c t o r s  were 
se l f -conta ined systems and t h a t  t h e i r  designs could be c a r r i e d  out  inde- 
pendently o f  t h e  main sampling and preservat ion system design, a t  l e a s t  i n  

t h i s  e a r l y  stage of t h e  planning a c t i v i t y .  

The s p e c i f i c  s t ra tegy  f o r  se lec t i ng  samples w i l l  depend on several fac-  
to rs .  The need f o r  each type o f  sample w i l l  be evaluated f o r  i t s  s c i e n t i f i c  
usefulness. The r e l a t i v e  number o f  rocks and s o i l s  ava i l ab le  w i l l  depend both 
on t h e  pre-mission p lan  f o r  t h e  landing s i t e  chosen and on t h e  mission mode 
decisions made based on what i s  learned about t h e  s i t e  a f t e r  a r r i v i n g  and 
s t a r t i n g  t o  c o l l e c t  in fo rmat ion  from t h e  rover  science systems. 

Tab le  7 l i s t s  t h e  k inds o f  t o o l s  needed t o  recover each type o f  sample 

f u n c t i o n a l l y  def ined above. 

Table 7 
sAcloLIN6 TOOLS 

Type o f  Sample 

In -p l  ace rocks 

Hand specimens 

Pebbles 

Surface so i  1 s 

Subsurf ace so i  1 s 

Ices and v o l a t i l e s  

Atmosphere 

Atmospheric dust 

Sampl i ng Tool s 

Chipper, core d r i l l  

Robotic arm/hand 

Robotic arm/rake 

Scoop, d r i v e  tube 

Coring d r i  11 

Coring d r i l l  ( co ld )  

Bo t t l e ,  molecular s ieve 

Dust co l  1 ec tors  

Subsampl i ng Tool s 

M i  n i d r i  11 , rock breaker 

M i  n i d r i  11, rock breaker 

None 

None 

Core saw, min icorer  

V o l a t i l e  t r a p  

None 

None 
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F i n a l l y ,  the  issues o f  how many samples t o  re tu rn  and how much mass i s  

s u f f i c i e n t  a f f e c t  t h e  design o f  t h e  sampling system. The mission w i l l  r e t u r n  

a l i m i t e d  amount o f  samples, probably about 5 kilograms. One mission objec- 
t i v e  i s  t o  obta in  t h e  greatest  d i v e r s i t y  of samples. There i s  a na tu ra l  

conf 1 i c t  between these requi  rements, especi a1 l y  if areas o f  Mars are as ri ch ly  
d iverse as i t  i s  hoped. The evaluat ion of trade-offs w i t h i n  t h i s  mass versus 
d i v e r s i t y  problem i s  t h e  t o p i c  o f  s tud ies t h a t  w i l l  be undertaken i n  t h e  near 

fu ture.  

The t h i r d  column o f  Table 7 l i s t s  t o o l s  which take smaller samples from 

the  l a r g e r  samples i n i t i a l l y  acquired by t h e  sampling system. This i s  one 

approach t o  maximizing d i v e r s i t y  wh i le  not  exceeding t h e  mass l i m i t a t i o n s  o f  
t he  r e t u r n  vehicle. Probably t h e  most i l l u s t r a t i v e  example o f  t h i s  sub- 

sampling s t ra tegy  i s  t h e  case o f  ob ta in ing  s o i l  cores. By t a k i n g  a small 
amount o f  mater ia l  from a number o f  depths i n  t h e  core stem, t h e  range o f  
mater ia ls  encountered as a f u n c t i o n  o f  depth can be recovered w i thout  t a x i n g  
t h e  r e t u r n  mission w i t h  the  f u l l  mass o f  t h e  i n t a c t  core. 

Sampling and subsampl ng systems w i l l  add complexity t o  t h e  mechanical 
and con t ro l  design o f  t h e  rover  system. It i s  presumed t h a t  t he re  w i l l  be 
some independent sampling c a p a b i l i t y  on t h e  r e t u r n  veh ic le  as we l l ,  adding 

complexity t o  t h e  veh ic le  design. An add i t iona l  source o f  complexity i s  t h e  

i n t e r a c t i o n  o f  t h e  sampling systems w i t h  t h e  on-board a n a l y t i c a l  instruments. 
We w i l l  continue t o  de f i ne  and evaluate t h e  f u t u r e  bene f i t s  o f  our improved 
knowledge from surface-generated data and from an increas ing ly  d iverse  se t  o f  

returned mater ia ls ,  and then assess these bene f i t s  against t h e  i nc reas ing l y  

complex systems requi red t o  prov ide them. 

On-Surface Science Capab i l i t y .  The rover  must have on-board i ns t  rumen- 

t a t i o n  which c o l l e c t i v e l y  al lows: (1) t raverse  planning, rover  movement, and 

s i t e  documentation; (2 )  sample charac ter iza t ion ,  se lect ion,  and documentation; 

(3)  data p rov i s ion  o f  s u f f i c i e n t  import t o  c o n s t i t u t e  a mission w i thout  sample 
re tu rn ;  and ( 4 )  t h e  measurement o f  p roper t ies  o r  condi t ions t h a t  are u n l i k e l y  
t o  surv ive  sample return,  o r  t h a t  are t r a n s i e n t  o r  l oca l .  Mineral phases 
s tab le  on ly  a t  Mars ambient condit ions, v o l a t i l e  exchange between s o i l  and 
atmosphere, and l o c a l  weather phenomena are examples o f  t h i s  l a s t  po int .  

48 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
1 
1 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
8 
I 
I 
I 
I 

I 
I 
I 

i 

An instrument se t  capable o f  s a t i s f y i n g  these c r i t e r i a  cons is ts  o f  t h e  
f o l  1 owi ng general i ns t  rument types : 

1. Imager 
2. Elemental analyzer 
3. Water analyzer 
4. 
5. Mineralogy charac ter izer  

Atmospheric and evolved gas analyzer 

Iuager: The imaging device i s  t h e  rover 's  most important instrument. 

The imager must be capab le  o f  l ong -  t o  s h o r t - r a n g e  focus  and must be 
stereoscopic. Resolut ion requirements vary w i t h  distance, on t h e  order o f  
centimeters o r  less  f o r  long  range and on t h e  order o f  a m i l l i m e t e r  f o r  shor t  
range. High magni f icat ions f o r  sample charac ter iza t ion  ( a t  scales o f  40X o r  
more, f o r  example) a r e  n o t  r e q u i r e d ,  b u t  t h e  p r o v i s i o n  o f  a l e n s  o f  

approximately 1OX would a1 low d i  scrim1 n a t i  on o f  textures,  mineral grains, and 
p a r t i c u l a t e s  o f  submi l l imeter  dimensions, s u f f i c i e n t  f o r  i d e n t i f y i n g  most rock 
types, i nc lud ing  volcanics. Textural charac ter iza t ion  ( i s  a p a r t i c u l a r  sample 

an igneous rock  o r  n o t ? )  may p rove  t o  be p a r t i c u l a r l y  u s e f u l  i n  sample 

se lec t i on  decisions. A v i t a l  r o l e  o f  t h e  imager i s  t o  l i n k  l o c a l  surface 

morpho1 ogy and mater i  a l s  t o  1 arger-scal e contexts such as geologic map u n i t s  . 
The imaging system should be mu l t i spec t ra l  w i t h  re f lec tance spectrometer 
c a p a b i l i t i e s  t o  c o r r e l a t e  l o c a l  mater ia ls  t o  s i m i l a r  regions i d e n t i f i e d  from 
o r b i t .  A mu l t i spec t ra l  c a p a b i l i t y  i s  a lso  #important i n  making rover  t rave rse  
decisions and i n  sample d i sc r im ina t i on  and s e l e c t i o n  because i t  provides u n i t  
and rock type character i za t ion ,  on a r e l a t i v e  basis ,  i f  not absolutely.  A 

mul t i spec t ra l  c a p a b i l i t y  complements elemental analyses and al lows 
ex t rapo la t i on  over l a rge  areas. 

Elemental analyzer: Determination o f  t h e  bulk  composition o f  rocks and 

s o i l s  i s  requ i red  f o r  developing a rea l - t ime sample se lec t i on  s t ra tegy  and f o r  
us ing t h e  rover  as a mapping too l .  Chemical composition (p lus t e x t u r a l  data)  
provides t h e  bas is  f o r  c l a s s i f y i n g  rocks and s o i l s ,  and i s  fundamental i n  
dec id ing what t o  sample. C l a s s i f i c a t i o n  may requ i re  measuring percent l e v e l s  

o f  major elements (e.g., s i l i c o n ,  magnesium, i r o n ,  and a l k a l i s ) ,  l i g h t  e le -  

ments (e.g., carbon and n i t rogen)  and t r a c e  elements such as t h e  halogens, 

su l fu r ,  uranium, and thorium. I n  add i t i on  t o  c l a s s i f y i n g  mater ia ls  analyzed, 
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elemental analysi s ca l  i brates imagery data, a1 1 owi ng an inexact but  use fu l  

ex t rapo la t i on  of elemental compositions on t h e  bas is  of remote re f lec tance 
measurements. Elemental analyzers which use rad ioac t i ve  sources t o  e x c i t e  
t a r g e t  mater ia ls  producing alpha pa r t i c l es ,  protons, X rays, and gama rays 
are poss ib le  candidates f o r  rover-mounted elemental analyzers. Such analyzers 

are capable o f  sa t i s fac to ry  s e n s i t i v i t y  f o r  t h e  major rockforming elements as 
wel l  as uranium, potassium, thorium, and some l i g h t  elements. Accuracy i s  
genera l ly  s u f f i c i e n t  t o  c l a s s i f y  rock and s o i l  types. The length  o f  t ime 

requi red f o r  a complete analys is  may be a disadvantage. 

Water analyzer: A primary ob jec t i ve  f o r  a sample re tu rn  mission i s  t h e  

c o l l e c t i o n  o f  ices, presumably p r imar i l y ,  i f  not  exc lus ive ly ,  water ice. The 
p r i n c i p a l  sampl ing  mode i s  l i k e l y  t o  be a d r i l l  which co res  t h e  m a r t i a n  

r e g o l i t h  t o  some depth. Such an operat ion i s  t ime consuming; consequently, i t  

i s  important t o  know before d r i l l i n g  i f  ices  are present a t  t h e  sur face o r  are 
l i k e l y  t o  be p resen t  beneath t h e  su r face .  It i s  improbab le  t h a t  such a 
determination could be made v i a  imagery o r  by e f f i c i e n t l y  us ing  elemental 
analys is  techniques. E l e c t r o l y t i c  c e l l s  mounted on s o i l  and/or rock samplers, 
however, represent one possi b l  e approach, o f f e r i  ng t h e  v i  r t u e  o f  simp1 i c i  t y  

w i t h  low weight and power requirements. 

Atmospheric and evolved gas analyzer: V ik ing  data on t h e  composition o f  
t he  mar t i  an atmosphere were c ruc i  a1 i n  s tud ies  concerning t h e  m a r t i  an o r i  g i n  
o f  t h e  SNC meteorites; t h i s  s i t u a t i o n  i l l u s t r a t e s  t h e  value o f  fundamental 

measurements. The questions o f  whether o r  not t h e  composition o f  t h e  atmo- 

sphere w i l l  have changed s ince  t h e  V ik ing  measurements o r  i f  changes occur 

dur ing rover  t raverses (e.g., d i u r n a l l y  o r  seasonally) are fundamental . I n  
addi t ion,  an atmospheric and evolved gas analyzer can be e f f e c t i v e l y  coupled 
w i t h  a d i f f e r e n t i a l  scanning calorimeter/sample heater  t o  measure v o l a t i l e s  

d r iven  from low-temperature minerals and i ces  dur ing  ca lo r ime t r i c  analyses. 

B io log i c  p o t e n t i a l  can probably be most accurate ly  assessed w i t h  t h e  

atmospheri c and evol ved gas analyzer . 
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Minera l  character izer :  Un l ike  t h e  sur face of t h e  Moon, t h e  mart ian 

surface i s  chemical ly act ive.  Mar t ian rock and s o i l  surfaces i nc lude  an array 
of weathering and a1 t e r a t i  on products p lus low-temperature p rec ip i t a tes ,  
i nc lud ing  ices. It i s  l a r g e l y  unknown what mineral species are present, bu t  

V i  k i  ng data i n d i c a t e  t h a t  vo l  a t i  1 e-beari ng species are important and t h a t  they 
are unstable a t  elevated temperatures. These predominantly surface products 
may r e f  1 ec t  mar t ian ambient condi t i  ons such as atmospheri c pressure, gas 
p a r t i  a1 pressures, temperature, and t h e  presence o r  absence o f  vo l  a t i  les ,  and 
they represent an important c l ima to log i ca l  record. I n  addi t ion,  weathering 
and a l t e r a t i o n  products a f f e c t  spect ra l  proper t ies.  The presence o r  absence 

o f  v o l a t i l e s  may be important i n  recognizing areas of b i o l o g i c  p o t e n t i a l  . 
Sampling these low-temperature mineral su i tes  and determining when v o l a t i l e s  
are present are important ob ject ives.  The rover  should have s u i t a b l e  onboard 

devices f o r  these opera t i  ons . D i  f f e r e n t i  a1 scanning ca l  orimeters (which may 

be coupled w i t h  evolved gas analyzers) are commonly used t o  charac ter ize  
species which undergo changes (e.g., v o l a t i l e  l o s s )  upon heating, and they 
represent one e f f e c t i v e  way t o  character ize low-temperature species. 

5.2 Rover System Concepts 

There  a r e  two extremes o f  design philosophy f o r  a complex system such as 
the  rover. One philosophy would promote u t i l i z a t i o n  o f  t h e  highest technology 

l e v e l  expected t o  be ava i l ab le  dur ing  t h e  development era o f  t h e  rover. This 
philosophy would y i e l d  t h e  most complex and soph is t i ca ted  capab i l i t y ,  as we l l  
as t h e  h ighes t  development cost  and design r i s k .  A more conservat ive p h i l -  
osophy would depend on t h e  u t i l i z a t i o n  o f  near s ta te -o f - the-ar t  technology 
t h a t  accomplishes reasonable goals but  a t  t h e  s a c r i f i c e  o f  soph is t i ca t ion .  
This philosophy would r e s u l t  i n  lower development cost  and a more robust 

design w i t h  lower r i s k ,  but  w i t h  c a p a b i l i t y  and mass performance penal t ies.  

Des ign  Ra t iona le  and Requirements, A fundamental goal o f  t h i s  study was 

t o  es tab l i sh  f e a s i b i l i t y  f o r  a near-term mission. The more conservative 

design philosophy was used t o  meet t h a t  goal. A key man i fes ta t ion  o f  t h i s  

philosophy was t h e  establishment o f  a sca le s i z e  f o r  t h e  f l i g h t  veh ic le  system 
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a. IDENTIFY 
IT 

b. LANDON 
IT 

c. CLIMB OVER 
IT 

LANDER 

d. FIT FLIGHT VFHlCE INTO THE SHUrr_LE / IUS VOLU MF CO NSTRAl NT 

18. Rover D d g n  Sartle Relatd t o  O h h a l e  

design. 

t h a t  t h e  systems must negotiate. 

The scale was based on the  s i z e  o f  obstac les on t h e  sur face o f  Mars 

There e x i s t s  a number t h a t  i s  t h e  diameter ( o r  some other  dimension) o f  

The an obstac le which determines t h e  scale s i z e  o f  a l l  rover - re la ted  systems. 

number a f f e c t s  t h e  c a p a b i l i t i e s  o f  t h e  systems i n  t h e  f o l l o w i n g  areas: 

a. O r b i t e r  imaging r e s o l u t i o n  capabi 1 i ty 
b. Landing module hazard avoidance c a p a b i l i t y  
c. Rover long-range-traverse hazard avoidance c a p a b i l i t y  
d. Launch and f l i g h t  veh ic le  mass and volume c a p a b i l i t y  

For t h i s  study, we have chosen a value f o r  t h i s  number o f  1.5 meters. 

Clear ly ,  a parametric analys is  o f  t h e  design complexity and cost imp l i ca t i ons  

o f  t h i s  sca le value must be done i n  f u t u r e  studies. F igure 12 i l l u s t r a t e s  t h e  

re la t i onsh ip  o f  t h e  1.5-meter design scale t o  each o f  t h e  system elements 

i d e n t i f i e d  above. 
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A complete set  o f  f unc t i ona l  design requirements consis tent  w i t h  t h e  
These requi re-  scale s i z e  of t he  cur ren t  design can be found i n  Reference 16. 

ments may be summarized as fo l lows:  

1. 

2. 

3. 

4. 

5. 

6. 

The 

The rover  mass i nc lud ing  science payload s h a l l  be l ess  than 
700 k i  1 ograms . 
The rover  volume dur ing  t r a n s i t  s h a l l  be consis tent  w i t h  a 
rover / lander  stowed con f igu ra t i on  t h a t  can be packaged w i t h i n  
a r i g h t - c i r c u l a r  c o n i c a l  segment 6 meters  long,  w i t h  a 
3-meter diameter base, and a 2-meter diameter top  surface. 

The t raverse  r a t e  on t h e  surface o f  Mars s h a l l  be 1 k i lometer  
per day . 
The rover  s h a l l  surmount obstacles o f  1.5 meters. 

The rover  s h a l l  c l imb grades of up t o  35% on loose sand. 

The r o v e r  s h a l l  have a maximum te lemetry  r a t e  o f  30 kbps f o r  
mobi 1 i t y  con t ro l  purposes . 
r a t i o n a l e  f o r  these requirements was i d e n t i f i e d  dur ing  t h e  study; a 

more d e t a i l e d  d iscuss ion can be found i n  Reference 16. 

Rover System Design and Configuration. The system design r e l i e s  on 
minimum ex t rapo la t i on  of cur ren t  design concepts f o r  rov ing  vehicles. A 

m u l t i  -wheeled rover  was chosen f o r  i t s  reasonably we1 1 -known performance 

capabi  1 i t y  i n  many e n v i  ronments . A mu1 t i -cab d e s i  gn a1 1 ows an o rde red  

packaging o f  each rover  subsystem i n  add i t i on  t o  having known good m o b i l i t y  
performance. Thermal con t ro l  on the  deployed rover  was a key study issue. 

Mul t i -cab rovers had apparently been dismissed i n  t h e  past i n  favo r  o f  s i n g l e  

cab designs because t h e  rover  subsystems had t o  r e l y  on heat t r a n s f e r  from t h e  

Radioisotope Thermoelectr ic Generators (RTGs) i n t o  t h e  cab. The s o l u t i o n  i n  
the  cur ren t  design i s  t o  prov ide Radioisotope Heating U n i t  (RHU) modules f o r  

each o f  t h e  cabs. 

The rover  con f igu ra t i on  shown i n  F igure 13 contains th ree  cabs, each w i t h  
two independently powered 1.0-meter diameter wheels, connected by passive 

a x i a l  f l e x u r a l  t i e s  which permit yaw, p i t ch ,  and r o l l  motions. The rover  i s  
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steered by counter r o t a t i o n  of t h e  two end cabs about t h e  j u n c t i o n  o f  t he  
ax ia l  t i e  and t h e  i n d i v i d u a l  cabs. The rover  ax le  spacing i s  1.6 meters t o  
a l l ow  surmounting a 1.5-meter obstacle. This r e s u l t s  i n  an excessive length  
f o r  t h e  rover  when i t  i s  stowed i n  t h e  aeroshell .  Therefore, t he  passive 
ax ia l  f l e x u r a l  t i e s  must co l lapse roughly 0.3 meters each i n  length  when the  

rover i s  stowed. 

The f r o n t  cab contains t h e  surface sample science, i nc lud ing  t h e  d r i l l  

mechanism and t h e  two robot  arms. The d r i l l  mechanism f o l d s  back over t h e  t o p  
o f  t he  f r o n t  cab and i s  ro ta ted  i n t o  a v e r t i c a l  o r i e n t a t i o n  f o r  use. It f i t s  

i n t o  a pocket i n  t h e  f r o n t  o f  t h e  cab i n  order t o  not  protrude i n  f r o n t  o f  t h e  
cab. The d r i l l  could be used t o  make holes a t  various s lan t  angles by no t  

r o t a t i n g  t o  t h e  f u l l  v e r t i c a l  pos i t ion .  The d r i l l - f e e d  mechanism i s  mounted 

on a s l i d e  so t h a t  t h e  d r i l l  can be ra ised u n t i l  it i s  f l u s h  w i t h  t h e  bottom 

o f  t he  cab t o  provide maximum ground clearance. 
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E f f e c t o r  mechanisms t o  be used by t h e  robot  arms are s tored on t h e  f r o n t  
face of t h e  f r o n t  cab and a r e  assumed t o  be a t t a c h a b l e  t o  t h e  arms by a 

bayonet feature. The robot  arms stow fo lded back on t o p  o f  t h e  f r o n t  cab. A 
s t robe l i g h t  i s  depicted as centered a t  t he  top  f ron t  of t h e  cab. The sur face 

specimens would be d i s t r i b u t e d  t o  various science instruments i n  t h e  f r o n t  cab 
by e f fec to r  "hands" on t h e  robot  arms. The specimens could be those gathered 

by the  arms o r  ra ised  by t h e  d r i l l  mechanism. 

The middle cab contains t h e  comnunication, power cond i t i on ing  and 
storage, con t ro l  , and nav iga t ion  subsystems. No sur face specimen r e l a t e d  
science could be mounted i n  o r  on t h e  center cab. The v i s i o n  system f o r  
nav iga t ion  i s  mounted on a three-degree-of-freedom mast. The base o f  t h e  mast 

can r o t a t e  i n  azimuth and e leva t i on  wh i l e  t h e  camera head can nod. The camera 
head contains two cameras t o  prov ide t h e  s tereo p a i r  images. The antenna 

arrays are mounted on top  o f  t h e  camera head t o  take advantage o f  t h e  mast- 
aiming c a p a b i l i t i e s  t o  d i r e c t  t h e  antenna beam. 

Radiator p la tes  are mounted over both wheels o f  t h e  f r o n t  and center  cabs 

t o  d i s s i p a t e  excess heat. The rad ia to rs  a re  canted 15 degrees up from h o r i -  
zonta l  t o  a s s i s t  t h e  condensate i n  t h e  heat pipes t o  re tu rn  t o  t h e  evaporator 

sect ions o f  t h e  heat pipes. This conf igura t ion  min imal ly  obs t ruc ts  t h e  v i s i o n  

system and t h e  robot  arms. The rear  cab c a r r i e s  t h e  RTG assemblies used t o  

prov ide rover  power. A r a d i a t i o n  s h i e l d  i s  shown adjacent t o  t h e  RTG t o  
reduce t h e  r a d i a t i o n  exposure i n  t h e  r e s t  o f  t h e  rover. 

A mass and power estimate f o r  t h e  major subsystems o f  t h e  p re l im ina ry  

rover design i s  given i n  Table 80 Included i s  a science payload weighing 90 
kilograms and comprised o f  candidate instruments o f  t h e  type discussed i n  
Section 5.1. Note t h a t  t h e  RTGs supply power f o r  e i t h e r  m o b i l i t y  o r  t e l e -  

communications, but  not  both simultaneously. Also, b a t t e r i e s  supply power f o r  
high amperage t o o l s  such as d r i l l s  and arms. 

Rover Mobility Guidance and Control. There are  two te leopera t i on  methods 

considered i n  t h i s  design concept. The f i r s t ,  def ined as the  Computer-Aided 

Remote D r i v i n g  (CARD) method, r e l i e s  only on images acquired by t h e  rove r ' s  
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Table 8 

MASS AND PWER ESTIMATE FOR PRELIMINARY ROVER DESI6N 

Su bsy s t em 

St ruc ture  
Telecomnunications 

Power 
Comnand and data 
Locomot i on and con t ro l  
Cab1 i ng 
Thermal cont ro l  
Mechani ca l  devices 
Da ta  storage 
Sample acqui s i t  i on/process i ng 
Science i nst ruments 

Subtotal 

Contingency 

Mass (kg) 

69.0 
30.1 

76.1 

20.0 
73.2 
24.0 

18.0 
15.3 
17.8 

118.0 
90.0 

551 . 5 

55.0 

Rover total 606.5 

Power (wat ts )  

--- 
30.0 (132.0)* 
10.0 
18.0 

120.8 (18.8)* 

--- 
8.0 

18.0 
12.0** 
20.0 

236.0 

* Power l i s t e d  i s  f o r  rover  t raverse/data record mode; paren the t ica l  
values are f o r  data transmit/playback mode o f  operation. 

** Ba t te ry  power i s  used f o r  h igh  amperage t o o l s  such as d r i l l s  and arms. 

stereo-camera system t o  designate an extended path up t o  250 meters long us ing 
an Earth-based image ana lys is  and computation technique. The rover  moves over 
t h i s  range dur ing  each command cyc le  w i t h  Ear th as described i n  d e t a i l  i n  

Reference 16. The range o f  each i n t e r v a l  i s  l i m i t e d  by t h e  on-board imaging 

capabi 1 i t y  . 
Another technique, def ined i n  Reference 16 as semiautonomous, al lows 

longer range t raverses dur ing  a s i n g l e  command cyc le  and r e l i e s  on t h e  a v a i l -  
abi 1 i t y  o f  h i  gh-resol u t i  on imaging from an o r b i  t e r  . These o r b i t e r  images can 

be processed on Earth and a c a p a b i l i t y  s i m i l a r  t o  t h e  CARD computations can 

p lan a much longer t raverse,  avoid ing ob jec ts  t h a t  are resolvable i n  t h e  
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o r b i t e r  images. 
t r a v e l  o f  about 10 k i lometers per  day. 

The semiautonomous method can r e s u l t  i n  an average r a t e  o f  

5.3 Orbiter Desiqn Concepts 

Two suppor t i ng  o r b i t e r  concepts were examined i n  t h i s  study. The f i r s t  

i s  a Multi-Purpose O r b i t e r  (MPO) which has a l l  t h e  func t i ona l  c a p a b i l i t y  
described prev ious ly  i n  Section 4.2, i.e., imaging f o r  landing s i t e  survey and 
rover t rave rse  planning, and telecomnunications r e l a y  l i n k  between t h e  rover  

and Earth. The second concept i s  a Dedicated Communications O r b i t e r  (DCO) 
which, as i t s  name i m p l i e s ,  has much more l i m i t e d  c a p a b i l i t y .  A b r i e f  

desc r ip t i on  o f  each o r b i t e r  design concept fo l lows.  

Multi-Purpose Orbiter Configuration. The MPO (shown i n  F igure  14) i s  an 

e ight -s ided bus powered by two deployable so la r  panels, w i t h  a high-gain 
antenna on t h e  Sun-facing s ide  and a scan p la t fo rm on t h e  opposite side. The 
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o r b i t e r  i s  assumed t o  be Sun-oriented t o  prov ide maximum so la r  c e l l  e f f i -  
ciency. Comnunication t o  Ear th uses t h e  high-gain antenna which has a s i n g l e  

degree of freedom, d r i ven  by an actuator. The antenna t racks  Earth by r o l l i n g  

the  spacecraft and t i l t i n g  t h e  antenna. P r i o r  t o  deployment, t h e  s o l a r  panels 

are stowed r o l l e d  up i n  containers, much l i k e  a window shade. Four a t t i t u d e  

cont ro l  assemblies are mounted on t h e  ends of s t r u t s  which extend r a d i a l l y  
between t h e  s o l a r  pane ls .  A l s o  i n c l u d e d  i s  t h e  r e l a y  antenna f o r  r o v e r  
te leconun ica t i ons .  

The major instrument c a r r i e d  by t h e  o r b i t e r  i s  a 1-meter diameter by 
2-meter long telescope f o r  sur face survey. I n  addi t ion,  t h e  scan p la t fo rm 
mounts an ASTROS-type t r a c k e r  f o r  wider angle views and a DRIRU t o  monitor t h e  
p la t fo rm motion. The inst rument 's  sheer volume dominates t h e  conf igurat ion.  

The s t r i ngen t  p o i n t i n g  requirements on t h e  p la t fo rm d i c t a t e  t h e  use o f  a 

momentum wheel type  o f  actuator  d r i v e  on both axes o f  t h e  platform. The 
momentum wheel a c t u a t o r s  produce min ima l  d i s t u r b a n c e  on t h e  r e s t  o f  t h e  
o r b i t e r  and i s o l a t e  t h e  p l a t f o r m  from t h e  o r b i t e r  motions. The momentum wheel 

actuators, shown as .6 meter i n  diameter and .2 meter t h i c k  i n  F igure  14, a re  
q u i t e  l a rge  and heavy. The use o f  t h e  momentum wheel actuators d i c t a t e s  t h a t  
t h e  r o t a t i o n a l  axes pass through t h e  center o f  mass fo r  t he  respect ive axes. 

This then shapes t h e  scan p la t fo rm as two nested yokes, which i n  t u r n  r e s u l t s  

i n  a l a r g e  scan p la t fo rm s t ruc tu re .  

T h e r e  a r e  a number o f  t e c h n i c a l  c h a l l e n g e s  a s s o c i a t e d  w i t h  t h e  MPO 
concept, i n c l u d i n g  data r a t e  and volume, o r b i t  determination, t ime requi red 
f o r  mapping, imaging system p o i n t i n g  accuracy, and s tereo reconstruction. A 
p r e l i m i n a r y  assessment based on t h e  more d e t a i l e d  a n a l y s i s  p resen ted  i n  

Reference 16 i nd i ca tes  t h a t  these challenges can a l l  be met by c u r r e n t l y  
ava i l ab le  o r  near-term technology. The mass estimate f o r  t h i s  MPO spacecraft 

i s  about 550 kilograms, exc lud ing prope l lan t  and propuls ion i ne r t s .  

Dedicated C m n i c a t i o n s  Orbiter ( E O )  Configuration. A s p e c i f i c a l l y  

dedicated microwave re lay  communication system was a l so  invest igated.  I f  t h e  
p ro jec t  were w i  11 i ng t o  prov ide a DCO i n Mars-synchronous c i  r c u l  a r  o r b i t  

(17,033 k i lometers a l t i t u d e ) ,  then t h e  rover  rad io  system can be considerably 
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D E S P U N  
A N T E N N A  F A R M  

SEPARATE 2 DOF ACTUATORS 

R E L A Y  A N T E N N A  
TELESCOPED L STOWED 

2 W EF SlJPPCC?TS 2 KbpS 

T O  ROVER 0 dE rJA1b.I L G f l  8.4 GHz ROVER 
1.28 m OIA 

RELAY A N  TENN A 

FOR L A U N C H  1.2 m DIA. 32 GHz 
EBS ARRAY FED 
EARTH ANTENNA 4' I* * '' 

EST. 200W dc POWER 
R V A I L A B L E  A T  M A R S  

in W SUPPORTS 30 Kbps 
DATA RATE TO DSIJ 34 r~ 

34 GH2 U P L I N K  P O I N T I N G  S I G .  * 

* NORtIAL 0 .3  deg CS-2 P O I N T I N G  EXCEEDS 0.15 dcg FO 
S-BAND T T L C  LGA ARRAY 

L E S S  THAN -1 dB P O I N T I N G  LOSS, THUS E B S  R E Q ' D .  

C S - 2  BUS 2.184 m @ [ A .  BY 2.045 m L O N G  

s i m p l i f i e d  and near ly  continuous communication could be obtained f o r  rovers 
near t h e  equator. Only low-gain antennas, which could permit communication 
w h i l e  t h e  rover  i s  moving, would be requi red on t h e  rover  and t h e  rover 's  
p o i n t i n g  problems o f  high-gain antenna a c q u i s i t i o n  and t r a c k i n g  could be 
e l  i m i  nated. 

The re1 ay spacecraft would requi  r e  separate ly  po i  n tab l  e h i  gh-gai n 

antennas a t  t h e  rover  and Ear th simultaneously. F igure  15 shows a concept f o r  

a modi f ied spinner spacecraft ( a  version produced by Ford and t h e  Japanese) 
w i t h  a despun antenna farm. A 10-watt ar ray feed ( f o r  ve rn ie r  beam p o i n t i n g )  
t ransmi t te r  a t  32 GHz and a 1-meter diameter 60% aper ture e f f i c i e n t  parabo l ic  

antenna could prov ide t h e  30 kbps l i n k  re lay  t o  Earth. It would be des i rab le  
t o  have t h e  34 GHz Ka-band u p l i n k  s i g n a l  a v a i l a b l e  f o r  u p l i n k  p o i n t i n g  
reference and t o  f r e e  t h e  X-band s igna ls  f o r  u n r e s t r i c t e d  re lay  u t i l i z a t i o n .  

The r e l a y  l i n k  d e s i g n  o p t i m i z a t i o n  f o r  c o d i n g  under  ben t  p i p e  o r  

remodulation cond i t ions  needs t o  be s tud ied and analyzed. Also, t h e  r e l a y  
l i n k  optimum frequencies need t o  be s tud ied regarding l o c a l  environment noise, 
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noise added upon re1 ay, antenna beam width p o i n t i n g  considerations, p o t e n t i a l  
in te r fe rence dur ing  simultaneous operations, data storage trade-offs, etc. 
Although the  basic DCO spacecraft i s  l ess  massive than t h e  MPO design concept, 
t h e  t o t a l  system mass, i nc lud ing  propulsion, i s  more than 600 ki lograms i f  i t  

i s  pos i t ioned i n  a Mars-synchronous o r b i t .  

5.4 Mission Performance 9-ary 

This sec t ion  i n teg ra tes  t h e  study r e s u l t s  as re la ted  t o  t h e  var ious 
f l i g h t  mode opt ions considered. The performance impact o f  these opt ions on 
veh ic le  mass requirements and launch veh ic le  c a p a b i l i t y  w i l l  be described and 

compared. 

T ra jec to ry  Data. Mars launch oppor tun i t ies  repeat a t  i n t e r v a l s  o f  about 
25 months. The launch year  a f f e c t s  t h e  t r a j e c t o r y  c h a r a c t e r i s t i c s  because o f  
t h e  vary ing geometry o f  t h e  p lanetary  o rb i t s .  Round-trip t r a j e c t o r i e s  were 
generated f o r  f i v e  consecutive launch oppor tun i t ies  between 1996 and 2005. 
The r e s u l t i n g  data, l i s t e d  i n  Table 9, assume conjunct ion-c lass f l i g h t  pro- 

f i l e s  optimized on t h e  bas is  o f  t o t a l  v e l o c i t y  impulse; these p o i n t  design 

examples w i l l  serve t o  i l l u s t r a t e  t h e  r e l a t i o n s h i p  between mission performance 
and launch opportunity. The mission parameters most a f fec ted  by d i f f e rences  
i n  launch year are the  p lanet  encounter v e l o c i t i e s ,  t h e  s tay  t ime  a t  Mars, and 
t h e  landing s i t e  l a t i t u d e s  accessible (w i thout  penal ty)  from e l l i p t i c a l  o r b i t s  

estab l  i shed about Mars. Note t h a t  near-equator1 a1 s i t e s  are a1 ways access ib le  

and t h a t  sou th  p o l a r  r e g i o n s  a r e  a c c e s s i b l e  f rom e l l i p t i c a l  o r b i t s  f o r  

launches i n  1996, 1998, o r  2000/1. Landing i n  no r th  po la r  regions i s  a lso 
poss ib le  bu t  w i  11 requi  r e  some o r b i t  modi f i c a t i o n  maneuvers, o r ,  a1 terna- 
t i v e l y ,  e n t r y  out o f  p o l a r  c i r c u l a r  o r b i t s  from which a l l  l a t i t u d e s  can be 

reached. 

Mars O r b i t  Insertion Options. An important measure o f  rover  mission 

performance i s  t h e  i n j e c t e d  mass requi red a t  Ear th  launch. I n jec ted  mass i s  

comprised o f  t he  t o t a l  veh ic le  system sent t o  Mars; major elements inc lude t h e  
system implementation o f  Mars o r b i t  i n s e r t i o n  (p ropu ls ive  o r  aerocapture), t h e  

s u p p o r t i  ng o r b i t e r  , and t h e  e n t r y / l  ander system. The p ropu l  s i v e  versus  
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Table 9 
EARTH-MRS RWIID-TRIP CONJUNCTIOCCCUSS MISSIONS 

1996 

Dates 

Earth Launch 11-1 7-96 
Mars A r r i v a l  09-16-97 
Mars Departure 08-14-98 
Earth Return 08-06-99 

Hyperbol i c  Ve loc i ty  (km/s) 

Earth Launch 2.998 
Mars A r r i v a l  2.869 
Mars Departure 2.685 

Earth Return 3.914 

T r i p  Times (days) 

Stay 
Total  

332 
992 

Accessi b l  e Per i  apsi s 83O S , 
Lati tudes i n  a 27O N 
500 km x 1 sol o r b i t  

Launch Opportunity 

1998/9 

12-14-98 
09-27 -99 
01-28-01 
09 -05 -0 1 

3.231 
3.354 
2.537 

3.781 

489 

996 

88' S , 
29" N 

2000/1 

01-27-01 
10-20-01 
04- 17 -0 3 
11-10-03 

3 0745 
3.818 
2 -725 

2.991 

543 

1,017 

2003 

06-09-03 
12-29-03 
07-13-05 
01-20-06 

2.972 
2 -699 
3 -845 

3 . 264 

561 
956 

2005 

08-26-05 
04-05-06 
07-17-07 
04-24-08 

4.430 
2.461 
3.202 

2.910 

468 
972 

88' S , 47O S , 62' S , 
37O N 59O N 38O N 
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aerocapture opt ion i s  a s i g n i f i c a n t  performance t rade-of f  issue f o r  t h e  rover  

mission; t he  other  veh ic le  elements are not dependent on the  Earth-Mars t r a -  
j e c t o r y  cha rac te r i s t i cs .  F igure 16 compares t h e  i n j e c t e d  mass requirement 
associated w i t h  Mars aerocapture and a l l - p ropu ls i ve  capture f o r  each o f  t h e  
f i v e  launch year oppor tun i t ies.  These r e s u l t s  assume entry / landing from a 500 
k i lometer  by 1-sol o r b i t ,  a 550-kilogram support ing o rb i te r ,  and a 640-k i lo-  
gram rover  . Mass scal  i ng re1 a t i  onshi ps f o r  t h e  aerocapture/aeromaneuver 

veh ic le  system and t h e  propuls ion system ( w i t h  Ear th-s torable p rope l lan ts )  
e i t h e r  were based on previous analyses o r  were establ ished as p a r t  o f  t h i s  

study. With aerocapture, t h e  i n j e c t e d  mass var ies  between 2,700 and 3,050 
kilograms, a l low ing  t h e  rover  mission t o  be accomplished by t h e  Shut t le /  
IUS(I1) launch vehicle, w i t h  t h e  poss ib le  a d d i t i o n  o f  an I n j e c t i o n  Module k i c k  
stage. Propuls ive capture requi res a 25 t o  50 percent increase i n  i n j e c t e d  

mass, i s  much more s e n s i t i v e  t o  launch oppor tun i ty ,  and needs a g rea ter  launch 
c a p a b i l i t y  as represented by t h e  expendable T i t a n  IV/Centaur G I ,  which can 
accomplish t h e  mission i n  any launch year  w i t h  a l a r g e  mass margin. 

A performance comparison o f  e l  1 i p t i  ca l  versus c i  r c u l  a r  o r b i t  capture a t  
Mars i s  shown i n  F igure 1 7  f o r  t h e  1996 launch opportunity. By i t s  nature, 
aerocapture i s  v i r t u a l l y  i n s e n s i t i v e  t o  o r b i t  size. With p ropu ls ive  capture, 
however, i n s e r t i o n  t o  a l ow-a l t i t ude  c i r c u l a r  o r b i t  requi res a much l a r g e r  

v e l o c i t y  impulse and a corresponding 45 percent increase i n  i n j e c t e d  mass, 

from 3,690 t o  5,350 k i l og rams .  The i n j e c t e d  mass marg in  o f  t h e  T i t a n  
IV/Centaur G' i s  reduced t o  on ly  a few hundred ki lograms and would disappear 

f o r  launches i n  e i t h e r  1998 o r  2000. 

Considerable mass savings would be poss ib le  i f  t h e  support o r b i t e r  were 

not a requi red mission element. For launch i n  1996, t h e  s e n s i t i v i t y  r a t i o  o f  
i n j e c t e d  mass t o  o r b i t e r  mass ( i n  u n i t s  o f  ki lograms/ki logram) i s  1.4 f o r  

aerocapture, 1.8 f o r  p ropu ls ive  capture t o  e l l i p t i c a l  o r b i t ,  and 2.6 f o r  

p ropu ls ive  capture t o  c i r c u l a r  o r b i t .  The reduct ion i n  i n j e c t e d  mass, even 
fo r  propuls ive capture t o  c i r c u l a r  o r b i t ,  would a l l ow  greater  f l e x i b i l i t y  i n  

the  use o f  t h e  Shuttle/IUS launch vehicle. Nevertheless, t h i s  apparent advan- 

tage i s  probably i n s u f f i c i e n t  t o  obv iate t h e  need f o r  a support o r b i t e r ,  which 

has been shown t o  be v i t a l l y  important t o  t h e  rover  miss ion 's  funct ion.  
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Reference Mass Staterent. A p re l im inary  but  comprehensive requirements 

analys is  of t he  various subsystems comprising t h e  rover  mission was undertaken 
as pa r t  of t h i s  study. P laus ib le  design po in ts  f o r  each of t h e  Mars aerocap- 
t u r e  and a l l - p ropu ls i ve  capture options are sumnarized i n  Table 10 ( f u r t h e r  
d e t a i l s  may be found i n  Ref. 16). I n  each case t h e  reference design assumes a 

f u l l - c a p a b i l i t y  support o r b i t e r ,  a high L/D aeromaneuvering en t ry  vehicle, a 
lander module w i t h  a c e r t a i n  degree o f  hazard avoidance/tolerance, and a semi- 
autonomously operated wheeled rover  w i t h  s i  gni f i cant sampl i n g  and on-surface 
science capab i l i t y .  The main dif ference between these options i s  t h e  means of 

Mars o r b i t  inser t ion .  A l l -p ropu ls i ve  capture requi res a t o t a l  p rope l l an t  
loading of 1,373 ki lograms compared t o  on ly  477 kilograms f o r  aerocapture - 
almost a fac to r  o f  3 increase. I n t e r e s t i n g l y  however, t h e  combined dry  mass 
of t h e  aerocapture s h e l l  and i t s  propuls ion system i n e r t s  i s  295 kilograms, 
s l i g h t l y  more than t h e  235 kilograms of i n e r t s  f o r  t h e  a l l - p ropu ls i ve  option. 
even though the  t o t a l  i n j e c t e d  mass o f  the  a l l -p ropu ls ive  opt ion i s  32 percent 

higher, i t  i s  reasonable t o  expect t h a t  t h e  aerocapture op t ion  would a c t u a l l y  

cost somewhat more t o  develop because o f  i t s  advanced technology and l a r g e r  

dry  mass requirements. This was v e r i f i e d  by a very p re l im inary  cost  est imate 

f o r  t h e  rover  mission p r o j e c t  (two s i t es ,  through launch + 30 days) which was 
determined t o  be 2.0 - 2.2 b i l l i o n  i n  FY 1987 do l l a rs ,  i nc lud ing  a medium 
l e v e l  o f  her i tage from other  f l i g h t  p ro jec ts  and a l i b e r a l  30 percent con- 

t i  ngency . 
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Table 10 
ws ROVER MISSION MASS S ~ Y  FOR A PLAUSIBLE REFERENCE MSIGW 

Tota l  Mass i n  Kilograms 

(1 1 Mars Aerocapture (' Propul s i  ve Capture 

(2 1 ........................ 607 607 Rover 

Lander Module .................... 336 (82)* 

Parachute Systems ................ 87 

Aeromaneuvering System ........... 469 (106) 

336 (82) 

87 

469 (106) 

--- Aerocapture Shel l  ................ 208 

O r b i t e r  (3 )  ...................... 894 (289) 

Bioshield 29 ........................ 
LV Adapter ....................... 79 

Injected Mass ............... 2,709 (477)  

Shutt le / IUS( 11) Margin ...... 
1996 Launch 

740 

~ ~~~~ 

* Prope l lan t  mass i n  ( ) 

(l) 500 km x 1 sol o r b i t  

(*)  w i t h  90 kg science payload 

(3) wi th  61 kg science payload 

1,939 (1,185) 

29 

104 

3,571 (1,373) 

680 (w / In jec t ion  
Modu 1 e )  
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ARC 

CARD 

COMPLEX 

DCO 

DRIRU 

I U S  

J PL 

3 SC 

L/D 

MESAG 

MPO 

MRSR 

OMV 

OTV 

RHU 

RTG 

S A I C  

SSB 

SSEC 

USGS 
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ACRONYUS AM) ABBREVIATIONS 

NASA/Ames Research Center 

Computer-Aided Remote D r i v i n g  

Comni t t e e  on P1 anetary and Lunar Expl o r a t i o n  

Dedicated Comnunications Orb i te r  

Dry-Tuned Rotor I n e r t i  a1 Reference Un i t  

I n e r t i a l  Upper Stage 

J e t  Propulsion Laboratory 

NASA/Lyndon B. Johnson Space Center 

L i  f t - to-Drag Rat io  

Mars Expl o r a t  i on Strategy Advi sory  Group 

Mu1 t i-Purpose O r b i t e r  

Mars Rover/Sample Return 

O r b i t a l  Maneuvering Vehicle 

Orb i ta l  Transfer  Vehicle 

Radioisotope Heating Un i t  

Radioisotope Thermoelectric Generator 

Science App l ica t ions  In te rna t i ona l  Corporation 

Space Science Board 

Sol a r  System Exp lora t ion  Comni t t e e  

U.S. Geological Survey 

I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
I 
I 
1 
I 
1 
I 
1 



REFEREWCES 

1. "Planetary Explorat ion through Year 2000: An Augmented Program, Par t  Two 
o f  a Repor t  by  t h e  S o l a r  System E x p l o r a t i o n  Committee o f  t h e  NASA 
Advi sory Counci 1 ,'I Washi ngton , DC, 1986 . 
"Mars Sample Return Mission 1984 Study Report," JPL D-1845, Jet Propul- 
s i  on Laboratory, Pasadena, C a l  i f o r n i  a, September 28, 1984 . 2. 

3. Davis, P.A., and Soderblom, L.A., Journal o f  Geophysical Research, Vol. 
89, pp. 9449-9457, 1984 . 

4. Neukum, G., and He l le r ,  K., Journal o f  Geophysical Research, Vol. 86, pp. 
3097-3121, 1981 

5. Tay lo r ,  S.R., i n  "Planetary Science, a Lunar Perspective," Lunar and 
Planetary I n s t i t u t e ,  Houston, Texas, 1982. 

6. B ick le ,  M.J., i n  "Patterns of Earth Change i n  Ear th Evolution," 1984. 

7. Sharp, R.P., and Malin, M.C., GSA B u l l e t i n ,  Vol. 86, pp. 593-609, 1975. 

8. P i e r i ,  D., NASA TM 81979, 1980. 

9. Carr, M.H., and Clow, G.D., Icarus, Vol. 48, pp. 91-117, 1981. 

10. Baker, V.R., and Par t r idge,  J.B., Journal o f  Geophysical Research, Vol. 
91, pp. 3561-3572, 1986. 4 

11. Masursky, H., e t  al., Journal o f  Geophysical Research, Vol. 82, pp. 
4016-4038, 1977 

12. Ty le r ,  L., and Simpson, R., Icarus, pp. 511-545, 1982. 

13. Masursky, H., e t  al., NASA TM 36246, pp. 324-326, 1984. 

14. Morris, E.C., NASA TM 85127, pp. 134-135, 1982. 

15. P i e r i ,  D., "Orb i te r  Rationale," Presentation t o  MESAG, October 16, 1986. 

16. Randolph, J.E. (ed.), "Mars Rover 1996 Mission Concept," JPL D-3922, J e t  
Propuls ion Laboratory, Pasadena, Cal  i f o r n i a ,  December 1986. 

17. O 'Ne i l ,  W.J., e t  al., "V ik ing  Navigation," JPL 78-38, J e t  Propulson 
Laboratory, Pasadena, Cal i f o r n i  a, November 1979 . 

18. Cruz, M.I., "Performance and Accuracy o f  an Ent ry  Guidance Option a t  
Mars ,'I JPL EM 312-78/71, J e t  Propulsion Laboratory, Pasadena, C a l  i forn ia ,  
1978. 

67 



REFEREMES (concluded) 

19. K1 e in ,  G., "Planetary Spacecraft Systems Technology F ina l  Report 1986," 
JPL D-3731, J e t  Propul s i  on Laboratory, Pasadena, Cal i f o r n i  a, October 
1 986 . 

20. Amundsen, R.J., and Clark, B.C., "Comet/Mars Sampling System," Mar t i n  
Mar ie t ta  F ina l  Report, Contract NAS9-17511, I n  press (1987). 

21. "Planetary Sample Rapid Recovery and Handling," Eagle Engineering, F i n a l  
Report No. 85-104, Contract NAS9-17176, 1985. 

22. Blanchard, D.P., Gooding, J.L., and Clanton, U.S., " S c i e n t i f i c  Objectives 
fo r  a 1996 Mars Sample Return Mission," I n  Case f o r  Mars 11, Vol. 62, 
Science and Technology, McKay, C.P. (ed.), American As t ronaut ica l  
Society, pp. 99-119, 1985. 

68 

I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 


